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Abstract. Background tree mortality is a complex process that requires large sample sizes and long time-
scales to disentangle the suite of ecological factors that collectively contribute to tree stress, decline, and
eventual mortality. Tree mortality associated with acute disturbance events, in contrast, is conspicuous and
frequently studied, but there remains a lack of research regarding the role of background mortality pro-
cesses in mediating the severity and delayed effects of disturbance. We conducted an empirical study by
measuring the rates, causes, and spatial pattern of mortality annually among 32,989 individual trees within
a large forest demography plot in the Sierra Nevada. We characterized the relationships between back-
ground mortality, compound disturbances (fire and drought), and forest spatial structure, and we inte-
grated our findings with a synthesis of the existing literature from around the world to develop a
conceptual framework describing the spatio-temporal signatures of background and disturbance-related
tree mortality. The interactive effects of fire, drought, and background mortality processes altered the rate,
spatial structuring, and ecological consequences of mortality. Before fire, spatially non-random mortality
was only evident among small (1 < cm DBH ≤ 10)- and medium (10 < cm DBH ≤ 60)-diameter classes;
mortality rates were low (1.7% per yr), and mortality was density-dependent among small-diameter trees.
Direct fire damage caused the greatest number of moralities (70% of stems ≥1 cm DBH), but the more
enduring effects of this disturbance on the demography and spatial pattern of large-diameter trees
occurred during the post-fire mortality regime. The combined effects of disturbance and biotic mortality
agents provoked density-dependent mortality among large-diameter (≥60 cm DBH) trees, eliciting a dis-
tinct post-disturbance mortality regime that did not resemble the pattern of either pre-fire mortality or
direct fire effects. The disproportionate ecological significance of the largest trees renders this mortality
regime acutely consequential to the long-term structure and function of forests.
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INTRODUCTION

Tree mortality is regulated by complex interac-
tions among many physical, biological, and eco-
logical stressors (e.g., competition; Franklin et al.
1987). These stressors operate across a wide

range of temporal and spatial scales (<0.1 to
>1000 ha; Das et al. 2008, van Mantgem et al.
2009, Birch et al. 2019a) to determine the rates
and causes of background mortality (Das et al.
2016). Acute disturbances (e.g., wildfire), in com-
parison, result in rapid and conspicuous
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mortality events that can affect entire stands,
landscapes, or regions (Turner et al. 1997, Med-
dens et al. 2012, 2018a). Disturbances are often
studied in isolation from background mortality
processes, but recent research indicates that these
omnipresent ecological processes can alter dis-
turbance severity and mediate delayed mortality
(Hood et al. 2018, van Mantgem et al. 2018).
Here, we synthesize previous research with an
empirical study to develop a conceptual frame-
work describing how background mortality pro-
cesses and acute disturbance events collectively
regulate tree mortality.

We first discuss the relevant literature and eco-
logical basis regarding the spatial elements of
background mortality, spatial elements of fire-re-
lated mortality, and interactions between these
processes. Rather than a systematic literature
review, we incorporated representative studies
that serve to frame our understanding of the
scales at which various ecological processes elicit
spatially non-random patterns in mortality. To
do this, we considered research that has explic-
itly addressed spatial scale, and we developed a
conceptual framework describing the spatio-tem-
poral scales at which each mortality process is
most evident. We emphasized research from
temperate forests of western North America to
maintain relevance to the forest in which this
study was conducted, but we also incorporated
research from around the world to demonstrate
the potential for this conceptual framework to
have a broad biogeographic scope. In addition to
eight studies spanning western North America
and two based on global datasets, this synthesis
was based on studies from the Sierra Nevada (5),
Pacific Northwest (10), northeast United States
and Canada (4), southwest United States (4),
southeast United States (2), Rocky Mountains (2),
Europe (4), northeast China (2), northern Africa
(1), and Patagonia (1).

We then conduct an empirical assessment of
the spatial elements of tree mortality using nine
years of annual mortality among 32,989 individ-
ual trees within a large (25.6 ha), stem-mapped
forest demography plot that was exposed to both
fire and severe drought part way through the
study period. The temporal and spatial scope of
this study, combined with process-based mea-
surements of tree mortality, renders our dataset
uniquely poised to quantify the relationship

between background mortality processes, distur-
bance-related mortality, and forest spatial struc-
ture. Focusing on the spatial aspects of mortality
and the reciprocal nature of various mortality
processes (i.e., mortality refines spatial patterns,
and spatial patterns regulate mortality risk), we
used multiple analytical methods to empirically
evaluate the annual rates, causes, and spatial ele-
ments of tree mortality during three distinct mor-
tality regimes: (1) background (i.e., pre-fire)
mortality, (2) immediate fire-induced mortality
(due to direct fire damage), and (3) post-distur-
bance mortality (determined by the additive and
interactive effects of background mortality
agents, fire, and severe drought).

The spatio-temporal signature of tree mortality
processes
Tree mortality processes can be described in

terms of the agents of mortality, spatial scale, and
temporal scale (Fig. 1A). Many mortality pro-
cesses have been well-studied and quantitatively
described at a range of spatial scales including
insect epidemics, drought, and storm events (e.g.,
windthrow, ice storms). The timescale of these
conspicuous mortality agents can be extremely
acute (e.g., storms) or span multiple years (e.g.,
beetle epidemic, multi-year drought), and they
create patterns in mortality that are evident at
both intermediate and broad spatial scales
(10–10,000 ha; Raffa et al. 2008, Allen et al. 2010,
Meddens et al. 2012, 2018a, Baguskas et al. 2014).
Conversely, slower-acting background mortality
processes, including competition, endemic bark
beetle activity, and pathogens, are more evident
at finer spatial scales (<1 ha) and longer temporal
scales (>3 yr; Fig. 1A). The slower dynamics of
these processes makes them challenging to study,
often requiring long observation periods and
large plots for patterns in mortality to emerge
(Clark and Clark 1996, Lutz and Halpern 2006,
McMahon et al. 2019). Although subtle, back-
ground mortality processes regulate forest turn-
over rates in the absence of severe disturbance
(van Mantgem et al. 2009), and they are impor-
tant determinants of fine-scale spatial dynamics
within stands (Das et al. 2008, Larson et al. 2015).

Mechanisms of spatial structuring
The ecological mechanisms that give rise to

spatio-temporal patterns in tree mortality may be
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Fig. 1. Spatio-temporal scales of background tree mortality processes (A) and fire (B). Letters represent studies
that have described each mortality process with explicit consideration of spatial or temporal scale; dark lines
indicate the scales at which there is quantitative evidence of each process operating, while dotted lines indicate
qualitative descriptions of scale. The two x-axis scales represent area-based scale in hectares (ha) on top with the
corresponding linear scale (radii in m) below.
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broadly grouped into three categories: density
dependence, distance dependence, and environ-
mental heterogeneity. Density-dependent mortal-
ity emerges when tree neighborhoods mediate
mortality risk (Kenkel 1988, Larson et al. 2015),
and is evident as elevated susceptibility to com-
petition (Gray and He 2009, Das et al. 2011), bio-
tic mortality agents (Janzen 1970, Packer and
Clay 2000, Johnson et al. 2014), and abiotic mech-
anisms (King 1986, Das et al. 2008, Yu et al. 2009,
Schaedel et al. 2017) in dense tree neighbor-
hoods. Distance dependence, in contrast, refers
to the elevated risk of mortality for trees close to
an affected individual, a characteristic associated
with many mortality agents including patho-
gens, insects, and crushing (i.e., contagion; Goh-
een and Hansen 1993, Das et al. 2008, Raffa et al.
2008). Finally, environmental heterogeneity con-
tributes to non-random patterns in tree mortality
by introducing variability in light, water, soil
resources, and habitat suitability which influence
growth rate, vigor, and concomitant mortality
risk (Greenwood and Weisberg 2008, Linares
et al. 2011, Furniss et al. 2017). These mecha-
nisms function simultaneously, and the spatio-
temporal patterns of mortality are generally
determined by a combination of all three mecha-
nisms.

While density dependence has been used to
describe patterns of both distance- and density-
dependent mortality associated with competi-
tion and biotic mortality agents (e.g., insects,
pathogens), we define these terms separately to
decouple the distinct relationships between
each mechanism and forest spatial structure.
Forest spatial structure regulates density-depen-
dent mortality directly through resource com-
petition (Kenkel 1988), morphological
constrains (King 1986), accumulation of host-
specific plant enemies (Janzen 1970, Connell
1971), and by moderating trees’ ability to invest
in defense mechanisms (Lorio 1986, Herms and
Mattson 1992, Kolb et al. 1998, Fettig et al.
2007, Hood et al. 2016, Stephenson et al. 2019).
Conversely, forest spatial structure does not
directly regulate distance-dependent mortality.
Rather, distance-dependent mortality processes
are spatially autocorrelated due simply to the
contagious nature of certain mortality agents
(e.g., pathogen spread, beetles dispersing from
a recently killed tree).

While many mortality processes are both dis-
tance- and density-dependent, differentiating
these terms is critical to understanding the eco-
logical nuances of spatially non-random mortal-
ity processes. Distance-dependent mortality may
be density-independent (i.e., mortality may be
spatially autocorrelated but independent of local
density), and conversely, density-dependent
mortality may be distance-independent (i.e.,
mortality may not be spatially autocorrelated
despite mortality risk being elevated in dense
neighborhoods). In other words, density-depen-
dent mortality is a pattern that emerges when
forest spatial structure mediates mortality risk,
while distance-dependent mortality is the conse-
quence of autocorrelated mortality processes.
This distinction may be conceptualized as oppos-
ing directions of the relationship between forest
spatial structure and mortality risk: Density
dependence represents the effect of forest spatial
pattern on mortality risk, while distance depen-
dence represents the effect of mortality processes
on forest spatial pattern.

Spatial elements of background mortality
Perhaps the most widely recognized example of

spatially structured tree mortality is competition-
dominated density dependence that defines the
competitive exclusion phase of forest succession
models (Yoda 1963, Peet and Christensen 1987,
Franklin et al. 2002). This form of density depen-
dence is most often observed in young and even-
aged forests (Kenkel 1988, Larson et al. 2015, Birch
et al. 2019b), but asymmetric competition can con-
tinue to cause density-dependent mortality in
mature and old-growth forests as well (Lutz et al.
2014, Furniss et al. 2017, Zhu et al. 2017). In these
more structurally complex forests (Lutz et al.
2018, Jeronimo et al. 2019), mortality agents
including bark beetles, pathogens, and physical
damage (Franklin et al. 1987, Larson and Franklin
2010, Das et al. 2016) become increasingly impor-
tant determinants of mortality, and patterns in
background mortality are structured by a complex
mix of both distance- and density-dependent
mechanisms (Das et al. 2008, 2011, 2016, Silver
et al. 2013, Gendreau-Berthiaume et al. 2016, Lintz
et al. 2016).
Individual mortality agents may be both dis-

tance- and density-dependent. Bark beetles, for
example, create contagious patches of mortality
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(i.e., distance dependence) by releasing aggrega-
tion pheromones that attract nearby beetles to a
single individual and overwhelm the tree’s
defenses (Raffa and Berryman 1983), and suc-
cessful mass attacks result in a concentrated
point source of beetles that disperse to nearby
trees (Raffa et al. 2008). Density dependence fur-
ther contributes to spatial patterns of beetle-re-
lated mortality as local forest structure
determines the intensity of competition and thus
the availability of resources necessary for trees to
invest in defense chemicals and resist beetle
attacks (Lorio 1986, Herms and Mattson 1992,
Fettig et al. 2007, Hood et al. 2016). Density
dependence is also evident at broad scales as for-
est composition and host tree density regulate
background beetle population levels which
determines success rate of mass attacks, and
neighborhoods with high host tree density may
be preferentially selected by dispersing beetles
(Raffa and Berryman 1983, Kolb et al. 2007, Raffa
et al. 2008). Patterns in bark beetle mortality can
also be driven by variability in drought intensity
across a landscape (Baguskas et al. 2014), as sus-
ceptibility to beetle attack is closely related to
drought severity (McDowell et al. 2008, Ander-
egg et al. 2015).

Pathogen-related mortality is determined by a
similarly complex mix of spatially structured
processes. For example, the widely cited pattern
of conspecific negative density dependence
(CNDD; Hille Ris Lambers et al. 2002, Comita
et al. 2010, LaManna et al. 2017) is often attribu-
ted to host-specific pathogen accumulation (Jan-
zen-Connell hypothesis), but this distance-
dependent contagion is reinforced by the ele-
vated intensity of intraspecific competition
(Adler et al. 2018; but also see Detto et al. 2019)
near conspecific host trees (i.e., conspecific den-
sity dependence). The below-ground growth
form and slow spread rate of pathogens make
their contagion detectable as patches or rings of
mortality that manifest at intermediate to large
(1–100 ha) spatial scales (Lung-Escarmant and
Guyon 2004, Schmitt and Tatum 2008), but this is
generally only evident over long timescales (dec-
ades to centuries, Fig. 1A; Waring et al. 1987).
The spatial elements of insect activity may also
contribute to the spatial structuring of pathogens
as fungal spores can be transported to new host
trees by the insects themselves (Goheen and

Hansen 1993, Paine et al. 1997, Safranyik and
Carroll 2006).
Finally, physical mortality agents including

crushing and some forms of wind-related mortal-
ity (e.g., wind waves) may be regarded as dis-
tance-dependent as probability of mortality is
positively related to the proximity to a falling
tree (Das et al. 2008) or the edge of a gap (Taylor
1990). Patches of wind-related mortality are often
associated with root- and stem-rot (Sprugel
1976), and their spatial structure is therefore
additionally influenced by the distribution and
spread of saprophytic decay fungi. Physical mor-
tality agents that operate at broader spatial
scales, such as wind, ice, and snow storms, are
most strongly determined by environmental
heterogeneity (Rebertus et al. 1997) and the spa-
tial variability in the intensity of the weather
event (Pasher and King 2006). The density
dependence of physical mortality agents is per-
haps most apparent in single-age stands where
density directly influences tree morphology (i.e.,
diameter to height ratio) and thus resistance of
trees to strong wind (King 1986). Physical mor-
tality agents may be both positively and nega-
tively density-dependent. Stand density can
influence tree morphology (i.e., diameter to
height ratio) and thus be positively related to
susceptibility of trees to strong wind (King 1986),
while high density stands can also ameliorate the
localized intensity of wind and ice storms and
thus reduce mortality risk (Bragg et al. 2003).

Spatial elements of direct fire mortality
Fire is an intrinsically spatial process, causing

patterns in mortality that are both distance- (prox-
imity to flames) and density-dependent (density
alters fire behavior). Heterogeneity in fire effects
introduces complex patterns across a wide range
of spatial scales from <0.01 ha (Blomdahl et al.
2019) to >10,000 ha (Turner et al. 1997, Meddens
et al. 2018a, Whitman et al. 2018, Fig. 1B). Fire
behavior is spatially autocorrelated due to heat
transfer from burning fuels to adjacent vegetation
(Michaletz and Johnson 2006, 2008, Smith et al.
2016, 2017) that creates patchiness in patterns of
cambial heating, crown scorch, and concomitant
tree mortality (Loudermilk et al. 2012, Hood et al.
2018, Furniss et al. 2019). During surface fire, tree
crowns are damaged primarily by convective heat
transfer from plumes of heated air that quickly
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kill foliage, buds, and vascular tissue, while tree
boles are more susceptible to conductive and
radiative heat transfer from combustion of surface
fuels (Hood et al. 2018). The thick bark of fire-
adapted species and large-diameter trees can pro-
tect from this radiative heat to some extent (van
Wagtendonk and Fites-Kaufman 2006, Belote
et al. 2015), but the long residence time of heat
released from smoldering duff and slow burning
fuels (e.g., large woody debris) can penetrate this
thick bark and warm the cambium enough to
cause tissue death (≥60°C; Hood et al. 2018). By
driving both fire temperature and residence time,
the size and arrangement of fuels (Hiers et al.
2009, Loudermilk et al. 2012) influence both the
intensity (energy release) and severity (ecological
consequences) of fire (Jeronimo et al. 2020).

Weather, topography, and environmental
heterogeneity can also create spatial patterns in
fire effects. Areas that burn under moderate
weather conditions generally burn with lower
intensity compared to areas that burn under
more extreme fire weather conditions (e.g.,
strong winds, low relative humidity; Lydersen
et al. 2014). This is particularly evident during
extreme weather conditions when positive feed-
back cycles between fire and the atmosphere cre-
ate self-sustaining, plume-dominated fire
behavior that results in large patches of high-
severity fire effects across vast portions of a land-
scape (Allen 2007, Lydersen et al. 2014). Topogra-
phy contributes to spatial autocorrelated fire
behavior both directly through regulating fire
intensity (e.g., higher intensity toward ridge tops;
Turner and Romme 1994, Kane et al. 2015) and
indirectly through feedbacks with forest struc-
ture (Jeronimo et al. 2020).

Forest structure regulates fire behavior at both
fine (Thaxton and Platt 2006, Hiers et al. 2009,
Loudermilk et al. 2012) and broad scales (Rother-
mel 1972, Miller and Urban 1999a, b, 2000a, Harris
and Taylor 2015), and it contributes to temporal
patterns by moderating fuel connectivity and reg-
ulating spread rate (Caprio and Swetnam 1995,
Miller and Urban 2000b, Taylor and Skinner 2003).
Conversely, repeated fire events influence the spa-
tial pattern dynamics of trees and fuels within
stands (scales <10 ha; Youngblood et al. 2004,
North et al. 2007, Larson and Churchill 2012), and
broad-scale patterns in fire behavior (>10 ha) cre-
ate, rearrange, and refine patches of forest,

unburned islands, and early-seral habitat among
stands and across broad landscapes (>1000 ha;
Turner et al. 1997, Hessburg et al. 1999, Taylor
and Skinner 2003, Kane et al. 2014, Meddens et al.
2018a, b, Jeronimo et al. 2019). In short, hetero-
geneity in forest spatial structure contributes to
variability in fire intensity, and variability in fire
intensity perpetuates heterogeneity in forest struc-
ture. This reciprocal relationship between fire,
fuels, and forest spatial structure mediates the
severity of future fires, and this self-regulation
renders fire foundational to the structure and
function of many forest ecosystems (van Wagten-
donk and Fites-Kaufman 2006, Scholl and Taylor
2010, Larson et al. 2013).
Larson and Churchill (2012) reviewed the litera-

ture regarding spatial pattern dynamics in fre-
quent-fire forests, and they characterized spatial
patterns in these forest types as a shifting mosaic
of individuals, clumps, and openings. They
described the iterative nature of fire spatial pattern
interactions including mechanisms of pattern for-
mation and maintenance, and this model has
become an archetype for spatial pattern dynamics
in frequent-fire forests (Franklin and Johnson 2012,
Hessburg et al. 2015, North et al. 2019). While this
model may be sufficient to describe the feedbacks
between fire and forest spatial structure, there is
limited consideration of how background mortal-
ity processes interact with fire to mediate the spa-
tial pattern dynamics in post-fire forests and to
moderate mortality in between fire events.
There is extensive overlap between the spatio-

temporal signature of fire and background mor-
tality agents (Fig. 1), and this suggests that back-
ground mortality processes may be important
contributors to patterns observed in post-fire
mortality. There are indeed many studies of
interactions between background mortality pro-
cesses and fire in the literature (Hood and Bentz
2007, Youngblood et al. 2009, van Mantgem et al.
2013, 2018, Kane et al. 2017b, Hood et al. 2018,
Stephens et al. 2018), but these studies are
focused primarily on the nature of the interaction
(i.e., amplified or inhibited; Kane et al. 2017b)
rather than the interactive effects of these pro-
cesses on patterns in mortality.

Spatial elements of post-fire mortality
Among the most widely studied mortality pro-

cess in post-fire forests is competition for water
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and soil resources. Stand structure mediates the
intensity of inter-tree competition and creates
heterogeneity in the severity of drought- and
competition-related stress (Fensham and Holman
1999, Guarı́n and Taylor 2005, Allen et al. 2010,
van Mantgem et al. 2016), and this modifies the
susceptibility of trees to both direct (van Mant-
gem et al. 2013, Furniss et al. 2019) and indirect
fire-related mortality (van Mantgem et al. 2016,
2018, Hood et al. 2018). While inter-tree competi-
tion in unburned forests is often considered to
primarily inhibit seedlings and small-diameter
trees, recent studies suggest that competition in
post-fire forests can be an important determinant
of mortality for larger trees as well (Yu et al.
2009, van Mantgem et al. 2018). The nature of
drought–fire interactions is also dependent on
the timing of events: Fire reduces stand density,
and this can make surviving trees less suscepti-
ble to competition- and drought-related mortal-
ity post-fire (van Mantgem et al. 2011, 2016), but
pre-fire drought can hinder trees’ ability to toler-
ate fire damage and can increase probability of
immediate fire-related mortality (van Mantgem
et al. 2013, 2018).

Bark beetles have been long considered as an
important factor in mediating post-fire mortality
(Ryan and Amman 1996, Scott et al. 2002, Sieg
et al. 2006, Hood and Bentz 2007), but the effects
of local tree neighborhood on susceptibility to
bark beetles are complex and dependent on a
variety of post-fire factors (Kolb et al. 2007). As
with beetle-related mortality in a pre-fire mortal-
ity regime, local neighborhood structure and
composition influence the availability of
resources necessary for trees to invest in defense
infrastructure (i.e., resin and resin ducts; Hood
and Sala 2015), and this directly contributes to
resistance against bark beetle attack (Raffa 2014).
As fire decreases density and competition for
resources, we might expect fire to enhance resis-
tance to bark beetle attack by increasing resource
availability and thus the capacity of trees to
invest in resin defenses. However, surviving
trees may be temporarily weakened due to direct
fire injury to their foliage, cambial tissue, and
surface roots, and this may limit their capacity to
defend against beetle attack immediately after
fire (McHugh and Kolb 2003, Kolb et al. 2007).
Fire may further intensify bark beetle pressure
by creating an abundance of weakened host trees

across the landscape that are susceptible to beetle
attack and thus enabling beetle populations to
proliferate. This increase in beetle abundance
may facilitate more successful mass attacks and
can catalyze a transition from endemic to epi-
demic beetle population dynamics (Raffa et al.
2008). Empirical studies have found evidence for
both facilitated and impeded bark beetle mortal-
ity post-fire (Youngblood et al. 2009, Hood et al.
2016): Fire may initially increase susceptibility to
bark beetles by weakening trees and reducing
their ability to defend (McHugh and Kolb 2003,
Hood and Bentz 2007, Kolb et al. 2007, Young-
blood et al. 2009), but fire is also thought to
increase resistance to bark beetles over longer
timescales by reducing stand density, increasing
the distances between conspecifics, and stimulat-
ing the production of resin (Fettig et al. 2007,
Hood et al. 2015, 2016).
Pathogens also interact with fire damage to

mediate post-fire mortality (Parker et al. 2006,
Kane et al. 2017b), and local tree neighborhoods
may affect susceptibility to pathogens post-fire
through altering resource availability, overall
vigor, and capacity to defend against pathogens.
As with bark beetles, it is not clear whether fire
will enhance or reduce the prominence of patho-
gen-related mortality (Kane et al. 2017b). Fire
may facilitate the apparent virulence of patho-
gens by weakening trees (Parker et al. 2006), but
it may also impede pathogens (Grelen 1983, Beh
et al. 2012) by scorching the soil, reducing the
number of live trees, and increasing distance
between suitable host trees. Three-way interac-
tions between pathogens, bark beetles, and
drought on fire-weakened trees may further
complicate the detection of pathogen-caused
mortality in post-fire forests.

Applications for post-fire mortality models
There is a growing body of evidence (Young-

blood et al. 2009, Hood et al. 2018, van Mantgem
et al. 2018, Furniss et al. 2019) that suggests that
these background mortality processes play a key
role in shaping post-fire mortality, but they are
absent from the most widely used post-fire tree
mortality models. A recent update of the First
Order Fire Effects Model (FOFEM; Hood and
Lutes 2017) has improved model accuracy by
incorporating bark beetle presence/absence as a
predictor variable for four species-specific
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models (Hood and Lutes 2017), but this binary
approach is not optimally suited to capture the
complex nature of bark beetle population
dynamics (Raffa et al. 2008). Furniss et al. (2019)
found that mortality model prediction error was
spatially autocorrelated, indicating that spatially
structured mortality processes not only mediate
patterns in post-fire mortality, they comprise
some of the unexplained prediction error within
fire effects models. This is supported by recent
efforts to integrate background mortality agents
including bark beetles, pathogens, and competi-
tion into theoretical frameworks describing the
mechanisms of post-fire tree mortality at scales
ranging from individual trees (Hood et al. 2018)
to broad landscapes (Kane et al. 2017b).

Objectives
The considerable volume of background tree

mortality literature demonstrates a variety of
mechanisms by which biotic and abiotic mortal-
ity agents evoke spatial patterns in tree mortality
(Fig. 1). Yet, there is not currently a cohesive
framework for assessing how fire and other acute
disturbance events may modify the relative
importance and spatio-temporal structure of
background mortality processes. We addressed
this by quantifying the spatial elements of pre-
fire, direct fire, and post-fire tree mortality, then
developing an empirically informed framework
describing how fire and background mortality
processes interactively mediate mortality and
collectively determine forest spatial pattern
dynamics. For each mortality regime (pre-fire,
direct fire, and post-fire), we examined the spa-
tial structure of distance-dependent mortality
processes using point pattern analysis, and we
evaluated the intensity and spatial extent of den-
sity dependence using generalized linear models.

We tested the null hypothesis that fire and
background mortality processes do not interact,
resulting in a post-fire mortality regime that may
be characterized simply by the additive effects of
direct fire damage and background mortality
processes. Alternatively, we hypothesized that
fire may override and obscure background mor-
tality processes, impeding the spatial elements of
background mortality and imposing patterns in
post-fire mortality that reflect only the hetero-
geneity in direct fire damage. In this case, we
would expect the spatial patterns associated with

background mortality agents (e.g., bark beetles,
pathogens) to become spatially random, or to
resemble the spatial pattern of direct fire damage
(e.g., crown scorch). A second alternative
hypothesis is that fire may interact with back-
ground mortality processes, creating patterns in
post-fire mortality that do not resemble the pat-
terns of either pre-fire or direct fire mortality
alone. Finally, we hypothesized that mortality
would become less density-dependent post-fire
because reduced stand density may have
increased above- and below-ground resource
availability, thus reducing the sensitivity of sur-
viving trees to competitive stress and contagious
mortality agents within their local neighbor-
hoods.

METHODS

Study area
We conducted this study in an old-growth

Abies concolor–Pinus lambertiana (white fir–sugar
pine) forest in the lower-montane, mixed-conifer
forest zone of the Sierra Nevada, California,
USA. We used data from the Yosemite Forest
Dynamics Plot (YFDP; Lutz et al. 2012, Lutz
2015), a 25.6-ha stem-mapped forest monitoring
plot located between 1774 and 1911 m elevation
in Yosemite National Park, with species composi-
tion and structure representative of the Sierra
Nevada white fir superassociation (Keeler-Wolf
et al. 2012). The YFDP was established in 2009
and 2010 when we tagged, identified, and
mapped all tree stems ≥1 cm diameter at breast
height (DBH; 1.37 m) within the plot (n = 34,458
live stems; Lutz et al. 2012). We considered four
tree species comprising 32,989 stems ≥1 cm DBH
within the YFDP: A. concolor [Gordon] Lindl. ex
Hildebr. (white fir; 939 stems/ha), P. lambertiana
Dougl. (sugar pine; 180 stems/ha), Calocedrus
decurrens [Torr.] Florin (incense cedar; 64 stems/
ha), and Quercus kelloggii Newb. (California black
oak; 46 stems/ha).
Fire in the YFDP.—The YFDP has been rela-

tively unaffected by timber harvest and grazing,
but a century of effective fire suppression had a
profound impact on the pre-fire structure and
composition of this forest. The lack of fire
resulted in an abundance of surface and ladder
fuels, uncharacteristically high stem density, and
a compositional shift toward shade-tolerant
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species (Caprio and Swetnam 1995, Scholl and
Taylor 2010, North et al. 2019). The high fuel
loads associated with these stands can make the
reintroduction of fire challenging (Lydersen et al.
2014), often requiring mechanical fuel reduction
and prescribed fire treatments to develop histori-
cal structure, composition, and spatial pattern
that confer resilience to wildfire, drought, and
biotic disturbance (North et al. 2007, Safford
et al. 2012, Stephens et al. 2018).

The YFDP was burned for the first time in
113 yr (Barth et al. 2015) as part of a manage-
ment-ignited fire set to control the spread of the

Rim Fire, a 104,131-ha wildfire that burned in
August and September of 2013. The fire was
ignited ~1 km from the YFDP on 31 August 2013,
and no management action was taken within the
YFDP before or after ignition. Fire intensity ran-
ged from low- to high-intensity surface fire with
patches of unburned surface fuels (primarily in
draws; Lutz et al. 2017a, Blomdahl et al. 2019)
and occasional crown torching (Fig. 2). Surface
fuel consumption was >90% for litter, duff, and
small fuels (<1000 h), and 61% for coarse woody
debris (Larson et al. 2016, Cansler et al. 2019).
Fire effects were heterogeneous with patches of

Fig. 2. Location of the Yosemite Forest Dynamics Plot (YFDP) within the lower-montane mixed-conifer zone of
the Sierra Nevada, California, USA (A–C). The bottom four panels show stem maps of stems ≥1 cm diameter at
breast height (DBH) colored according to (D) landscape position (derived from a LiDAR-measured, 1-m digital
elevation model); (E) species (Abies concolor [ABCO], Calocedrus decurrens [CADE], Pinus lambertiana [PILA], and
Quercus kelloggii [QUKE]); (F) neighborhood density (average density within a 30-m circular radius); and (G)
crown volume scorched (CVS).
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low, moderate, and high tree mortality (Furniss
et al. 2020).

Pre-fire mortality was measured through
annual mortality surveys in 2011, 2012, and
2013. Each year, we re-visited every tree that
was alive in the previous year and we identi-
fied new mortalities (no live foliage above
DBH). We conducted pathology examinations
(including removing bark to inspect the cam-
bium) on each newly dead tree and recorded
the multiple factors associated with death (e.g.,
beetle galleries, pathogens, ruptured stem,
crushing; see Appendix S1 for comprehensive
list). We also recorded notes about each live
tree pertaining to unique characteristics such
as old fire scars. Eight months after the fire,
we conducted a mortality survey to identify
newly dead trees (hereafter “immediate mortal-
ity”; trees newly dead between June 2013 and
May 2014). In addition to the standard pathol-
ogy procedure (Appendix S1), we also
recorded fire damage (bole scorch height and
percent crown volume scorched; CVS) for all
live and newly dead trees. Post-fire mortality
was measured through annual mortality sur-
veys for five years following the fire (hereafter
“post-fire mortality”; trees that survived ≥1 yr
post-fire but died in 2015–2018). Pathology
examinations were conducted by well-trained,
inter-calibrated field crews under the direct
supervision of the principal investigators and
experienced crew leads, with four personnel
present during all ten years of measurement
for continuity.

Drought during the study period.—California
experienced a severe drought from 2012 to 2016
(Belmecheri et al. 2016), coinciding with two
years of our pre-fire mortality surveys
(2012–2013) and three years of post-fire surveys
(2014–2016). We did not detect elevated mortality
in the YFDP during the first two years of the
drought; this is corroborated by other studies of
mortality in the Sierra Nevada during these years
(Byer and Jin 2017, Young et al. 2017), and it is
consistent with the expectation that many trees
are able to persist through the beginning of mul-
ti-year droughts (Guarı́n and Taylor 2005,
McDowell et al. 2008). As the drought pro-
gressed, it began to cause extensive tree mortal-
ity throughout the Sierra Nevada (Young et al.
2017), peaking in severity in 2016 (Byer and Jin

2017) before subsiding following the wet winter
of 2016–2017.
The timing and severity of drought-induced

mortality in the Sierra Nevada are conflated with
our measurements of immediate and delayed
fire-related mortality. This reveals a persistent
challenge regarding natural experiments in long-
term monitoring plots: There is no factorial
design through which treatment effects may be
decoupled. Disentangling the relative contribu-
tions of drought and fire to patterns in delayed
mortality is not possible with the YFDP
dataset alone, and differences in sampling proto-
cols and stand characteristics make comparisons
with auxiliary datasets difficult. We note, how-
ever, that while the climatic conditions during
this study were historically unprecedented (Bel-
mecheri et al. 2016), drought and fire are
expected to co-occur with increasing frequency
in the coming decades (Allen et al. 2015, Berner
et al. 2017); this case study may therefore provide
prescient insights regarding mortality patterns
following future wildfires.

Analyses
As spatially explicit mortality processes may

differ among species and size classes (Das et al.
2008, Wang et al. 2012), we analyzed each species
independently and grouped trees into three size
classes chosen to reflect the distinct ecological
roles of small (1–10 cm DBH)-, medium
(10–60 cm DBH)-, and large (≥60 cm DBH)-di-
ameter trees (sensu Lutz et al. 2018) while main-
taining a robust sample of trees in each diameter
class. We restricted all point pattern analyses to
species-size classes that contained >100 individu-
als to minimize exposure to type II error (failure
to reject the null when it is false; Rajala et al.
2018).
We grouped mortality into three regimes: pre-

fire (background) mortality, direct fire-related
mortality, and post-fire mortality. For each mor-
tality regime, we assessed both the spatial struc-
ture of background mortality processes as well
as the effects of local neighborhood structure on
mortality risk. To characterize the spatial struc-
ture of mortality, we used two forms of point pat-
tern analysis: the pair-correlation function (PCF)
to quantitatively compare patterns, and maps of
point pattern intensity to qualitatively describe,
visualize, and compare patterns. To assess the
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effects of forest spatial pattern on mortality risk,
we used generalized linear models based on the
local neighborhood spatial structure around each
tree. We implemented both types of analysis for
each species, size class, and mortality regime.

Point pattern analyses: pair-correlation function.—
We used point pattern statistics and random
labeling null models (sensu Goreaud and
Pélissier 2003, Wiegand and Moloney 2004) to
test whether mortality was spatially random
while controlling for the underlying non-random
spatial pattern of the stems within the YFDP. We
summarized the observed spatial pattern of pre-
fire, immediate, and post-fire mortality using the
univariate form of the inhomogeneous PCF, g(r),
to control for underlying environmental hetero-
geneity and variability in first-order intensity
(Wiegand and Moloney 2004). This spatial sum-
mary statistic, g(r), quantifies second-order corre-
lations between points, and this can be used to
infer biological interaction between trees (Wie-
gand and Moloney 2004).

We compared g(r) calculated for the observed
pattern of mortalities to the null model of ran-
dom mortality, a null model that allows one to
test whether the process determining mortality is
random while controlling for the underlying
heterogeneous pattern of trees (Goreaud and
Pélissier 2003, Wiegand and Moloney 2004). Sim-
ulations of the null model were generated by
holding the observed pattern of trees constant
while randomly labeling trees as mortalities in
proportion to the number of actual mortalities.
We selected the 25th largest and smallest values
from 999 simulations to create Monte Carlo sim-
ulation envelopes around the null model with an
α ~ 0.05 (sensu Grabarnik et al. 2011, Baddeley
et al. 2014). This envelope may be interpreted as
the amount of variation expected if the process
determining the pattern of mortality was spa-
tially random, and deviations from the envelope
indicate distances at which mortality was non-
random.

We conducted a similar analysis considering
only mortalities killed by bark beetles, patho-
gens, and physical factors (mechanical failure,
crushing). Trees were grouped according to fac-
tors associated with death as recorded in the year
they died (details in Study area). Trees that had
multiple factors associated with death (e.g., both
bark beetles and mechanical failure) were

included in multiple groups. We distinguished
between fungal pathogens and saprophytes, and
our analysis of pathogen-related mortality did
not include trees that died when the stem rup-
tured due to saprophytic decay in the fire-killed
part of the bole (these were considered mechani-
cal mortalities). Simulations were generated by
randomly selecting n trees from the superset of
trees within the focal species-size class, where n
is the number of mortalities associated with the
focal mortality agent. We performed this analysis
on pre-fire and post-fire mortality, as mortality in
the year of the fire was dominated by direct fire
damage.
For each mortality regime, we analyzed the

trees that survived through the previous time
period (i.e., direct fire mortality was assessed
based on trees that were alive the year before the
fire, and post-fire mortality was assessed based
on trees that survived ≥1 yr post-fire). We con-
ducted each analysis for all species and size
classes grouped, as well as for each species-size
class independently. We analyzed spatial pat-
terns at scales ranging from 0 to 30 m because
we sought to not only capture plant–plant inter-
actions that operate at small scales (<9 m, Das
et al. 2011; <10 m, Furniss et al. 2017; <26.6 m,
Wiegand et al. 2007), but to also capture the spa-
tial structure of mortality associated with hetero-
geneous fire intensity that can occur at larger
scales (Kolden et al. 2012, Larson and Churchill
2012, Yocom-Kent et al. 2015). We implemented
all point pattern analyses in R v.3.5.2 (R Core
Team 2018) using the package spatstat v.1.59-0
(Baddeley et al. 2015).
Point pattern analyses: maps of pattern intensity.—

We created maps of mortality using the den-
sity.ppp function from the spatstat package (Bad-
deley et al. 2015) to estimate point pattern
intensity, λ, following the methods of Diggle
(1985) based on an isotropic Gaussian smoothing
kernel. This spatially heterogeneous estimate of
intensity provides the basis for the inhomoge-
neous PCF (details in Point pattern analysis: pair-
correlation function), but the map of point pat-
tern intensity itself can be used to visualize the
broad-scale variability in the strength of a pro-
cess (compared to the PCF which is used to
assess second-order interactions at fine spatial
scales; <20 m). We repeated the random labeling
procedure to create a set of simulated
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realizations of mortality based on random selec-
tions of stems that were alive at the beginning of
each mortality regime (i.e., simulations for post-
fire mortality only included stems that survived
≥1 yr post-fire). For each of the 999 simulations,
we created a map of point pattern intensity, and
we identified the minimum and maximum
expected intensity values for each 1 × 1 m pixel.
We compared the maps of observed intensity to
the range of expected values from the simula-
tions, and we masked out areas in these observed
mortality maps that were within this range. The
resulting maps display heterogeneity in the
intensity of mortality processes that exceeds the
amount of variability that would be expected by
chance.

Generalized linear models.—We summarized the
structural attributes of the local neighborhood
around each tree and used generalized linear
models to quantify the degree to which these
structural variables improved prediction accu-
racy compared to non-spatial null models
(sensu Das et al. 2008). We quantified the
importance of each structural variable by add-
ing it as an additional independent parameter
to base models which related probability of
mortality to tree DBH (separate models for
each structural variable). Structural variables
were formulated to reflect different physical
and biotic processes that may mediate fire-re-
lated mortality including competition, suscepti-
bility to bark beetles, and pathogen activity.
We calculated all structural variables for each
individual tree within circular neighborhoods
based on radii of 5, 10, 15, 20, and 30 m. Vari-
ables included local neighborhood basal area
(BA), density of stems of each size class, near-
est neighbor, and the Hegyi index (Hegyi
1974), a distance- and size-weighted competi-
tion index designed to reflect competitive
inequalities related to tree size and inter-tree
distance (Biging and Dobbertin 1992). We also
calculated landscape position based on a 1-m
LiDAR-derived digital elevation model using
the methods of Wilson et al. (2007) at a scale
of 53 m (scale chosen to approximate the area
of a 30-m radius circle). Finally, we noted the
presence of a previous fire scar by querying
the field notes associated with each tree for the
phrases including scar, fire scar, and cat face.
For all neighborhood calculations, we corrected

for edge effects by mirroring trees within 30 m
of the edge of the YFDP to create a simulated
stem map buffer around the entire study area.
The complete list of variables, and rationale for
the formulation of each variable, may be found
in Appendix S1: Table S1.
We generated separate base models for pre-

fire, direct fire, and post-fire mortality. For the
immediate fire mortality models, we generated
two base models: one to capture the direct effects
of structural variables on mortality by altering
local fire intensity (Pfire ~ DBH), and one to cap-
ture the indirect effects of structural variables on
immediate mortality by mediating the tree’ abil-
ity to withstand fire damage. We isolated these
indirect effects by including crown scorch (CVS)
as an independent variable to control for the
direct effects of local neighborhood on fire inten-
sity (Pfire ~ DBH × CVS). For the post-fire mod-
els, we included both DBH and CVS as
independent variables to control for tree size and
extent of fire damage (Ppost ~ DBH × CVS).
Models were created using the logistic model
form:

P¼ 1
1þ e�ðβ0þβ1X1þ...βtXtÞ

where P is the probability of mortality (Ppre for
pre-fire mortality, Pfire for direct fire mortality,
and Ppost for delayed), β0–βt are regression coeffi-
cients, and X1–Xt are predictor variables (DBH,
CVS, and each structural variable). We used CVS
as a proxy for fire intensity because it is a tree-
centric metric of fire intensity that captures the
aspects of fire behavior that are most important
in determining tree mortality (Sieg et al. 2006,
Woolley et al. 2012, Hood and Lutes 2017). For
the models that incorporated both CVS and DBH
terms, we included a CVS:DBH interaction term
to account for the non-linear relationship
between DBH and susceptibility to CVS (Kolb
et al. 2007, Furniss et al. 2019). For the delayed
mortality model, we only considered trees that
survived ≥1 yr post-fire. We compared model
accuracy using Akaike’s information criterion
(AIC) and considered differences in AIC >7 as
support for a significant difference in model
accuracy (Burnham and Anderson 1998). We did
not consider any spatial variables that had a P-
value >0.01. All analyses were performed in R
ver. 3.5.2 (R Core Team 2018).
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RESULTS

Pre-fire background mortality rates ranged
from 0.1% to 3.2% per yr, with an overall mortal-
ity rate of 1.7% per yr considering all stems
≥1 cm DBH (Table 1). For Abies and Calocedrus,
rates were lowest (1.4% and 0.1%, respectively)
for medium-diameter trees (10–60 cm DBH),
while for Pinus, rates were lowest (0.5%) for
large-diameter stems (≥60 cm DBH). Pre-fire
mortality rates were highest for small-diameter
(1–10 cm DBH) Abies and Pinus (1.8% and 3.2%,
respectively), large-diameter Calocedrus (0.6%),
and medium-diameter Quercus (2.5%).

Immediate fire mortality rates were negatively
related to diameter for all species, with a maxi-
mum of 95.4% (small-diameter Pinus) and a min-
imum of 2.3% (large-diameter Pinus; all rates
may be found in Table 1). Immediate mortality
was rarely attributed to factors other than fire;
most trees were killed by direct fire damage
alone.

Post-fire mortality rates were also greatest for
small-diameter stems, with the exception of

Pinus which had the greatest mortality rate in the
medium-diameter class. Post-fire mortality rates
ranged from 2.7% per yr for Calocedrus to 22.3%
per yr for small-diameter Abies (Table 1).

Distance-dependent mortality
Pre-fire mortality.—Pre-fire mortality was aggre-

gated when all stems were pooled (Fig. 3), indi-
cating the presence of distance-dependent
mortality processes. Mortality was aggregated at
the greatest distance for small-diameter stems
(0–13 m), and this clustering of mortality was
evident despite the initial pre-fire pattern of
small-diameter stems also being strongly aggre-
gated (Fig. 3; Appendix S1: Fig. S1). Pre-fire mor-
tality of medium-diameter stems was similarly
aggregated, but the clustering of mortality was
more clearly differentiated because the initial
pattern of medium-diameter stems was more
regular (i.e., less aggregated) compared to the
initial pattern of small-diameter stems (Fig. 3).
The spatial pattern of large-diameter mortalities
was generally random, but this randomness may
indicate a slightly clustered pattern of mortality

Table 1. Pre-fire mortality, direct fire mortality, and post-fire mortality for trees within the Yosemite Forest
Dynamics Plot.

DBH
(cm)

N live
at est.

N live
at end

Number of mortalities

Pre-fire Direct fire (<1 yr) Post-fire

Beet. Path. Mech. Total
Rate

(% yr-1) Beet. Path. Mech. Total

Rate
(%
yr-1) Beet. Path. Mech. Total

Rate
(%
yr-1)

Abies
1–10 15,001 375 240 149 266 790 1.8 5 28 91 13,183 92.8 124 66 37 653 22.3
10–60 9630 2268 258 97 115 406 1.4 16 104 51 4183 45.3 778 743 304 2773 18.1
≥60 597 421 11 6 2 27 1.5 3 3 3 22 3.9 33 41 8 127 6.4

Calocedrus
1–10 936 76 1 5 9 15 0.5 0 0 10 799 86.8 9 1 1 46 11.2
10–60 608 294 0 0 0 1 0.1 0 1 11 234 38.6 4 7 10 79 5.8
≥60 107 85 0 0 1 2 0.6 0 2 1 10 9.5 0 1 3 10 2.7

Pinus
1–10 2705 71 89 48 69 251 3.2 1 4 18 2342 95.4 13 2 3 41 10.8
10–60 1532 399 40 17 24 64 1.4 36 24 8 581 39.6 289 61 17 488 18.1
≥60 706 402 4 3 6 10 0.5 7 5 3 16 2.3 250 22 9 278 12.3

Quercus
1–10 426 37 2 2 11 27 2.2 0 1 11 332 83.2 0 0 3 30 13.8
10–60 740 249 9 4 6 55 2.5 0 0 11 348 50.8 0 5 9 88 7.3
≥60 1 1 0 0 0 0 . . . 0 0 0 0 . . . 0 0 0 0 . . .

Notes: “. . .” stands for NA. Values represent the number of mortalities associated with bark beetles (Beet.), pathogens
(Path.), and mechanical (Mech.; e.g., broken stem or crushed) factors associated with death. Individual trees may be associated
with multiple factors. Columns reflect the number of mortalities associated with bark beetles, pathogens, and mechanical
agents of mortality, while Rate (% per yr) reflects annualized mortality rates. Bold indicates categories with enough stems to be
used in spatial analysis (n > 100).
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because the initial pattern of large-diameter trees
was hyper-dispersed (Appendix S1: Fig. S1).

Mortality associated with bark beetles was
aggregated for all species-size classes (Fig. 4; n
for each indicated by bold in Table 1). Beetle-re-
lated mortality was aggregated from 0 to 4 m for

small-diameter (1–10 cm DBH) Abies, from 0 to
6 m for medium-diameter Abies, and from 0 to
10 m for Pinus of all sizes (Fig. 4). Mechanical
mortality was also aggregated for small- and
medium-diameter Abies from 0 to 6 m and 10 to
22 m, respectively. Pathogen mortality was

Fig. 3. Spatial pattern of pre-fire mortality, direct fire mortality, and post-fire mortality within the Yosemite
Forest Dynamics Plot. The red lines indicate observed patterns, shaded areas represent Monte Carlo simulation
envelopes based on the 2.5th and 97.5th percentiles of 999 simulations generated according to the null hypothesis
of random mortality, and dashed lines represent the mean value of simulations. Black dashed lines represent the
mean value from the simulations. Vertical dotted lines represent the distance (r) at which the observed pattern of
mortality became random. Values of g(r) above the shaded envelope indicate that mortality was aggregated,
while values below the envelope indicate hyper-dispersed mortality.
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spatially random for small-diameter Abies, the
only size class that had sufficient numbers of
mortality to test (Fig. 4).

Direct fire mortality.—Immediate fire mortality
was strongly aggregated for all stems grouped
from 0 to 30 m (Fig. 3). Fire-induced mortality of
small-diameter stems alone was also aggregated
from 0 to 30 m, while mortality of medium-di-
ameter stems was aggregated from 0 to 23 m
(Fig. 3). Large-diameter mortality appeared ran-
dom (Fig. 3), though the immediate mortality
rate of large-diameter stems was very low
(Table 1).

Post-fire mortality.—Post-fire mortality of all
stems ≥1 cm DBH was aggregated from 0 to
7 m, a finer scale compared to both pre-fire and
direct fire mortality (Fig. 3). Post-fire mortality of
small stems was random, while medium-diame-
ter mortalities were slightly aggregated from 0 to
8 m (Fig. 3). Post-fire mortality of large-diameter
trees, in contrast, was strongly clustered and at
greater scales compared to pre-fire mortality
(0–17 m; Fig. 3). The emergence of strongly clus-
tered large-diameter tree mortality was readily

apparent in the field and is also visually discern-
able from the stem maps of mortality
(Appendix S1: Fig. S1). Considering species indi-
vidually, post-fire mortality was aggregated from
0 to 4 m for Abies, from 0 to 17 m for Pinus, and
was spatially random for Calocedrus and Quercus
(Fig. 3).
Post-fire mortality was mediated by biotic and

mechanical mortality processes that were spa-
tially structured for all species and diameter
classes that we tested. Bark beetle mortality was
aggregated for medium-diameter Pinus from 0 to
12 m, large-diameter Pinus from 0 to 18 m, and
medium-diameter Abies from 1 to 8 m (Fig. 5).
Mechanical mortality was aggregated for med-
ium-diameter Abies from 0 to 5 m and 16 to
19 m. Pathogen mortality was also aggregated
for medium-diameter Abies from 2 to 3.5 m
(Fig. 5).

Geographic patterns in mortality
Pre-fire mortality.—Maps of mortality intensity

revealed complex patterns of mortality across the
YFDP. Pre-fire mortality of small- and medium-

Fig. 4. Spatial pattern of agent-specific pre-fire mortality within the Yosemite Forest Dynamics Plot. The red
lines indicate observed patterns, shaded areas represent Monte Carlo simulation envelopes based on the 2.5th
and 97.5th percentiles of 999 simulations generated according to the null hypothesis of random mortality, and
dashed lines represent the mean value of simulations. The vertical dotted lines represent the distance (r) at which
the observed pattern of mortality became indistinguishable from the null model; values of g(r) above the shaded
envelope indicate clustered mortality while values below indicate hyper-dispersed mortality. Sample size, n, is
the number of points in each pattern.
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diameter stems was characterized by patches of
both high and low mortality rates separated by
regions of random, ambient mortality (Fig. 6;
Appendix S1: Fig. S1). The spatial distribution of
pre-fire large-diameter mortalities, however, was
random.

Direct fire mortality.—Direct fire mortality for
all size classes exhibited a stronger spatial struc-
ture, with larger patches of both elevated and
reduced mortality intensity and more area over-
all that was characterized as non-random. The
patches of non-random pre-fire mortality did not
simply expand to accommodate the greater num-
ber of direct fire mortalities; the distribution of
non-random immediate fire mortality assumed a
distinct geography (Fig. 6). Many areas that were
characterized by random mortality pre-fire
assumed a non-random spatial structure due to
direct fire mortality (e.g., southeast corner of the
YFDP in Fig. 6). This pattern likely reflected the
spatial heterogeneity in pre-fire fuel loadings that
caused variability in first-order fire intensity and
concomitant mortality across the YFDP (Blom-
dahl et al. 2019, Cansler et al. 2019, Furniss et al.

2020). As with the pre-fire regime, large-diameter
mortality was still mostly random, but the direct
fire effects did create two small patches of non-
random mortality in this size class.
Post-fire mortality.—The pattern of post-fire

mortality assumed a yet third distinct distribu-
tion and did not resemble the patterns of either
pre-fire or direct fire mortality (Fig. 6;
Appendix S1: Fig. S1). For small- and medium-
diameter stems, the area characterized by ran-
dom mortality increased slightly compared to
direct fire mortality, but for medium-diameter
stems the total area of non-random mortality
was still greater than during the pre-fire regime.
In contrast, post-fire mortality of large-diameter
trees developed strong spatial structure that was
absent during both pre- and direct fire mortality
regimes. Some of these patches of non-random
large-diameter mortality overlapped with areas
of non-random medium-diameter mortality, but
some patches were unique. For example, we
observed elevated large-diameter mortality in
the northwest part of the YFDP, but the mortality
rate of medium-diameter trees in this same area

Fig. 5. Spatial pattern of agent-specific post-fire mortality within the Yosemite Forest Dynamics Plot. The red
lines indicate observed patterns, shaded areas represent Monte Carlo simulation envelopes based on the 2.5th
and 97.5th percentiles of 999 simulations generated according to the null hypothesis of random mortality, and
dashed lines represent the mean value of simulations. The vertical dotted lines represent the distance (r) at which
the observed pattern of mortality became indistinguishable from the null model; values of g(r) above the shaded
envelope indicate clustered mortality while values below indicate hyper-dispersed mortality. Sample size, n, is
the number of points in each pattern.
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was lower than would have been expected by
chance (Fig. 6).

Density-dependent mortality
Pre-fire mortality.—Spatial variables improved

predictions of pre-fire mortality for small- and
medium-diameter Abies, medium-diameter
Pinus, and Quercus ≥10 cm DBH (Table 2;
Appendix S1: Table S2). Density of pole-sized
conspecifics was the single most important vari-
able in most cases, while BAwas more important
for Abies. The direction of the relationship was
not consistent; density increased probability of
mortality for small-diameter Abies, while density
decreased probability of mortality for medium-
diameter Pinus and Quercus (Figs. 7, 8;

Appendix S1: Fig. S2). Pre-fire mortality of large-
diameter trees was density-independent for the
three conifer species (Figs. 7–9).
Direct fire mortality.—Structural variables

improved mortality model accuracy for both
immediate and delayed fire-related mortality for
all species (Table 2, Figs. 7–9; Appendix S1:
Fig. S2 and Table S3). Structural variables
enhanced the immediate-direct models (did not
include CVS) for small- and medium-diameter
trees of all species, and structural variables
improved the immediate-indirect models (did
include CVS) for small Pinus, all Quercus, and
medium Calocedrus. Local neighborhood density
and BA were positively related to both immedi-
ate and delayed mortality for most species-size

Fig. 6. Maps of mortality intensity (kernel density estimation) of pre-fire, direct fire, and post-fire tree mortal-
ity within the Yosemite Forest Dynamics Plot. Colors are relativized per tree diameter class (i.e., yellow for small-
diameter trees represents a higher absolute rate compared to yellow for large-diameter trees; Table 1 contains
absolute mortality rates). Line color around each polygon indicates whether mortality was higher or lower than
would be expected by chance based on the non-random initial pattern of live stems at the beginning of each mor-
tality regime (blue indicates reduced mortality rates; yellow indicates elevated mortality rates). For example, a
yellow line around a blue polygon represents a low relative mortality rate (blue fill) that was still higher than
would have been expected by chance (yellow border line). The pattern of stems associated with each panel may
be found in Appendix S1: Fig. S1.
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classes (Table 2; Appendix S1: Table S3). Density
and BA of conspecifics within 30 m were the
most important structural variables for immedi-
ate mortality of small- and medium-diameter
Abies, respectively (Fig. 7). Landscape position
was the best predictor of immediate mortality for
small- and medium-diameter Calocedrus
(Table 2); mortality of small-diameter Calocedrus
was related to the landscape position variable
directly (higher mortality in xeric areas), while
mortality of medium-diameter Calocedrus was
evident in the negative association between mor-
tality risk and conspecific BA (Calocedrus BA is

higher in mesic areas [negative TPI] in Fig. 2D).
Immediate mortality of small-diameter Pinus
was positively related to local neighborhood BA
and density, but the presence of a fire scar was
the best predictor of immediate mortality for
medium- and large-diameter Pinus. Direct and
indirect immediate mortality of Quercus was
strongly related to local neighborhood density
and the Hegyi index (Table 2; Appendix S1:
Fig. S2 and Table S3).
Post-fire mortality.—Post-fire mortality models

were improved by structural variables, especially
for medium- and large-diameter trees (Figs. 7–9,

Table 2. Mortality rates and spatial metrics that were correlated with mortality.

DBH (cm)

Important structural variables

Pre-fire ΔAIC Direct fire ΔAIC C Post-fire ΔAIC

Abies
1–10 Density of conspecifics

≥10 cm DBH (10 m) (+)
−92.7 Density of conspecifics

≥10 cm DBH (30 m) (+)
−177.4 BA (5 m) (+) −48.9

10–60 BA (30 m) (−) −33.0 BA of conspecifics (30 m)
(+)

−99.6 Density surviving stems
1 ≤ cm DBH < 10 (10 m)
(−)

−125.9

≥60 Density of stems
10 ≤ cm DBH < 60
(10 m) (−)

−5.4 Density of conspecifics
≥10 cm DBH (30 m) (+)

−6.3 Density of stems ≥60 cm
DBH (20 m) (+)

−15.2

Calocedrus
1–10 Density of all stems ≥1 cm

DBH (20 m) (−)
−5.6 Landscape position (+) −38.5 BA surviving conspecifics

(20 m) (+)
−13.9

10–60 Density of all stems ≥1 cm
DBH (30 m) (−)

−3.0 BA of conspecifics
≥10 cm DBH (30 m) (−)

−12.6 BA surviving conspecifics
(5 m) (+)

−7.8

≥60 Density of stems
10 ≤ cm DBH < 60 (30 m)
(+)

−1.9 BA (30 m) (−) −5.8 BA (30 m) (+) −2.8

Pinus
1–10 Hegyi (+) −3.9 BA (5 m) (+) −22.1 BA surviving conspecifics

(30 m) (+)
−4.8

10–60 Density of conspecifics
≥10 cm DBH (20 m) (−)

−9.8 Density of stems
≥1 cm DBH (5 m) (−)

−9.8 BA of conspecifics ≥10 cm
DBH (10 m) (+)

−37.2

≥60 BA of conspecifics ≥10 cm
DBH (10 m) (−)

−6.2 Fire scar (+) −24.0 Hegyi (+) −76.8

Quercus
1–10 Nearest neighbor (+) −4.6 Density of stems

10 ≤ cm DBH < 60
(15 m) (+)

−41.4 . . .

≥10 Density of conspecifics
≥10 cm DBH (10 m) (−)

−22.9 Hegyi (+) −41.6 BA (30 m) (+) −13.7

Notes: BA, basal area; CVS, crown volume scorched; DBH, diameter at breast height. “. . .” stands for, no variables were sig-
nificant. Correlations were identified by pairing each variable with non-spatial base models based on DBH and CVS. This table
contains the single best structural variable for each species and size class; all significant variables are reported in Appendix S1:
Tables S2–S4. Descriptions of each variable are in Appendix S1: Table S1. The distance values each variable indicate the circular
radius at which that structural variable had the most explanatory power. The (+) or (−) next to the structural variable indicates
the direction of the relationship (positive indicates greater mortality risk; negative indicates lower mortality risk). Delta Akaike
information criterion (ΔAIC) represents the differential model performance compared to the base (non-spatial) mortality mod-
els; more negative numbers indicate greater improvement. Bold indicates that the spatial model was significantly better than
the non-spatial base model (|ΔAIC| > 7).
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Table 2; Appendix S1: Table S4). A greater num-
ber of structural variables were correlated with
post-fire mortality compared to either pre-fire or
direct fire mortality for all three conifers

(Appendix S1: Tables S2–S4). For medium- and
large-diameter Abies and Pinus, spatial variables
improved model AIC for post-fire models more
than they did for either pre- or direct fire models

Fig. 7. Relationships between forest spatial structure and Abies concolor mortality. Columns represent timing of
mortality, and rows represent tree diameter classes. Lines show the relationship between forest spatial structure
and probability of mortality determined with generalized linear models. Points indicate observed proportion of
mortality, and point size reflects relative number of stems in each group. The x-axis for each panel shows the sin-
gle best structural variable for that mortality regime and size class; all variables may be found in Appendix S1:
Tables S2–S4. dAIC indicates the improvement in model accuracy compared to AIC of the non-spatial base
model. Basal area is reported in m2/ha, and stem categories are in stems/ha.
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(Table 2). Probability of delayed mortality was
positively related to local neighborhood density
and BA, with the exception of medium-diameter
Abies which was negatively related to density of

surviving small-diameter stems within 10 m
(Fig. 7). Species identity of neighboring stems
was important for Calocedrus and Pinus; delayed
mortality of both species was positively related

Fig. 8. Relationships between forest spatial structure and Pinus lambertiana mortality. Columns represent tim-
ing of mortality, and rows represent tree diameter classes. Lines show the relationship between forest spatial
structure and probability of mortality determined with generalized linear models. Points indicate observed pro-
portion of mortality, and point size reflects relative number of stems in each group. The x-axis for each panel
shows the single best structural variable for that mortality regime and size class; all variables may be found in
Appendix S1: Tables S2–S4. dAIC indicates the improvement in model accuracy compared to AIC of the non-spa-
tial base model. Basal area (BA) is reported in m2/ha, and stem categories are in stems/ha.
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to BA of conspecifics (Figs. 8, 9). The Hegyi com-
petition index was the best local neighborhood
variable for delayed mortality of large-diameter
Pinus, but first-order structural metrics (BA and

density) were better predictors for other species-
size classes (Table 2). Neither density of previous
year beetle-related mortality nor density of previ-
ous year pathogen-related mortality were

Fig. 9. Relationships between forest spatial structure and Calocedrus decurrens mortality. Columns represent
timing of mortality, and rows represent tree diameter classes. Lines show the relationship between forest spatial
structure and probability of mortality determined with generalized linear models. Points indicate observed pro-
portion of mortality, and point size reflects relative number of stems in each group. The x-axis for each panel
shows the single best structural variable for that mortality regime and size class; all variables may be found in
Appendix S1: Tables S2–S4. dAIC indicates the improvement in model accuracy compared to AIC of the non-spa-
tial base model. Basal area (BA) is reported in m2/ha, and stem categories are in stems/ha.
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significant predictors of delayed mortality for
any species.

DISCUSSION

Fire is an important driver of spatial pattern
dynamics (Larson and Churchill 2012), but eco-
logical factors that mediate delayed mortality
including climate, bark beetles, and competition
(van Mantgem et al. 2013, 2018, Hood et al. 2018)
have distinct spatial signatures (Fig. 1) that may
contribute to emergent patterns in mortality.
These delayed mortality processes are particu-
larly important for fire-tolerant species and
large-diameter trees, as these trees are able to
withstand the damage associated with low- and
moderate-severity fire alone. This study demon-
strates that the interactive effects of compound
disturbances (fire and drought) and background
mortality processes can transform the spatial ele-
ments of mortality by altering the scale of dis-
tance-dependent processes, increasing the
intensity of density dependence, and provoking
spatially non-random mortality among large-di-
ameter trees.

The results of this study support our second
alternative hypothesis that background mortality
processes interact with acute disturbances to cre-
ate a novel mortality regime. Before fire, density-
dependent mortality was only evident among
the smallest trees, but the combined effects of
fire, drought, and background mortality pro-
cesses provoked density-dependent mortality
among medium- and large-diameter trees as
well. Immediate fire effects extended the spatial
scale of distance-dependent mortality, and post-
fire mortality of large-diameter trees became
strongly aggregated. The intensity of mortality
assumed a unique spatial distribution through-
out the study site, and patches of elevated mor-
tality emerged where they were not present
before. The compound effects of fire, drought,
and background mortality processes altered both
distance- and density-dependent mortality mech-
anisms, creating a post-fire mortality regime with
a more complex spatial structure compared to
either pre-fire mortality or direct fire damage.
While immediate fire effects were highly conspic-
uous, the majority of mortality was among
small-diameter stems and the spatial structure
was driven primarily by variation in fire

intensity. The more ecologically consequential
effects of fire were heavily influenced by the
interactive effects of severe drought and biotic
mortality agents (i.e., bark beetles) that mediated
a period of spatially complex mortality among
large and old trees that will have enduring
impact on the spatial pattern of this forest.

Pre-fire mortality
The overall pre-fire mortality rate of 1.7% per

yr was within the range of variability expected
based on other long-term forest demography
plots in similar forest types within the Sierra
Nevada (1.5% per yr; Stephenson and van Mant-
gem 2005). Sample size constraints limited our
assessment of pre-fire mortality for some agents,
underscoring the difficulties associated with
detecting slow-acting ecological processes such
as tree mortality, even within large forest moni-
toring plots (Clark and Clark 1996, Lutz 2015,
Das et al. 2016, Birch et al. 2019a, McMahon et al.
2019).
Pre-fire mortality was aggregated at fine spa-

tial scales (0–13 m considering all stems; Fig. 3),
a pattern of mortality observed in both young
and old forests (Kenkel 1988, Das et al. 2008,
Lutz et al. 2014, Larson et al. 2015, Furniss et al.
2017). This scale of interaction is consistent with
(although slightly larger than) previous studies
that have quantified the scale at which second-
order (i.e., plant–plant) interactions can moder-
ate mortality risk (4.5 m in Kenkel 1988, 5 m in
He and Duncan 2000, 3 m in Little 2002, 4 m in
Yu et al. 2009, 9 m in Das et al. 2011, 9 m in Lutz
et al. 2014, 4 m in Larson et al. 2015, 10 m in
Punchi-Manage et al. 2015, 6 m in Clyatt et al.
2016, 3 m in Furniss et al. 2017, 5 m in Birch et al.
2019b).
Mortality was clustered for stems of all sizes,

but strength and directionality of density depen-
dence varied depending on tree species and size
class (Figs. 7–9). Pre-fire mortality of small Abies
stems was positively related to neighborhood
density of conspecifics (i.e., negative density
dependence), while mortality risk of medium-di-
ameter Abies, Pinus, and Quercus was negatively
related to BA and conspecific density (i.e., posi-
tive density dependence; Figs. 7, 8; Appendix S1:
Fig. S2). These opposing forms of density depen-
dence reflect the importance of competition as a
primary determinant of mortality for small-
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diameter trees (Das et al. 2008, 2011, Lutz et al.
2014), and the importance of external factors (i.e.,
pests, pathogens, and physical damage) that
compose the mortality complexes responsible for
medium- and large-diameter tree mortality
(Franklin et al. 1987, Das et al. 2011, 2016). These
results are consistent with the expectation that
background mortality transitions from strongly
density-dependent within young forests to den-
sity-independent among mature trees in old-
growth forests (He and Duncan 2000, Gray and
He 2009, Yu et al. 2009, Aakala et al. 2012, Hurst
et al. 2012, Johnson et al. 2014, Larson et al.
2015), and they provide a more nuanced under-
standing of this transition by demonstrating that
density dependence can continue to regulate
mortality among small-diameter stems even
within a structurally complex, old-growth forest.

A likely source of the competitive stress
responsible for the density-dependent mortality
of small-diameter Abies is intraspecific competi-
tion from other small-diameter Abies. These
stems were strongly aggregated (Fig. 3; Lutz
et al. 2012) and were most abundant in areas
with high conspecific density (>1000 stems/ha;
Figs. 2, 7), and we may therefore expect mortal-
ity in these sites to resemble the self-thinning
characteristic of dense, young forests (Kenkel
1988, Gray and He 2009, Larson et al. 2015).
Another likely source of competitive stress is
strong asymmetric competition from larger trees;
the physical dominance of large trees provides
them with superior access to both above- and
below-ground resources, and this can inhibit sur-
vival of smaller trees within their local neighbor-
hood (Lutz et al. 2014, Furniss et al. 2017).

There are a few plausible reasons for the posi-
tive density dependence we observed among
medium-diameter trees (mortality risk decreased
with greater BA and conspecific density; Figs. 7,
8; Appendix S1: Fig. S2). First, the local neighbor-
hoods around medium-diameter trees were char-
acterized by lower densities (up to 200 stems/ha;
Fig. 8; Appendix S1: Fig. S2) and more regular
spacing (Fig. 3; Lutz et al. 2012) compared to
small-diameter trees. The reduced crowding in
these more open neighborhoods may have
reduced overall competitive stress, but this does
not fully explain the reversed directionality of
density dependence. Second, this pattern of posi-
tive density dependence may be associated with

environmental heterogeneity within the YFDP.
We would expect medium-diameter trees to be
most abundant in high-quality habitats within
the YFDP (i.e., environmental filtering; Das et al.
2018), and we might also expect mortality rates
to be lowest in these favorable sites; the combina-
tion of these two factors could elicit a pattern of
positive density dependence. Finally, below-
ground fungal symbionts (i.e., ectomycorrhizae;
Perry et al. 1989) can confer facilitative effects
that may have contributed to this pattern.
These results provide two interesting contrasts

with a previous study from similar forests in the
Sierra Nevada (Das et al. 2008). First, the authors
observed CNDD (i.e., mortality risk increased
with higher conspecific density) for P. lambertiana
≥12.7 cm DBH, while we found that mortality
risk decreased with increasing conspecific BA for
stems 10–60 cm DBH for that species (Fig. 8).
Second, they observed a pattern of positive con-
specific density dependence for A. concolor (of all
sizes); our results were consistent with this for
medium-diameter stems, but we observed the
opposite pattern among small-diameter stems.
These contrasts demonstrate that while local
neighborhood structure and composition are
important factors determining mortality risk, the
nature of neighborhood effects may vary among
forest stands. Additionally, grouping trees by
diameter may have enabled us to detect neigh-
borhood effects that may be neutralized if all
sizes are analyzed together.
Spatial patterns of mortality were also driven

by the distance-dependent nature of pests,
pathogens, and physical damage, and each of
these mortality processes had a distinct spatial
structure. Bark beetle-induced mortality of small-
and medium-diameter Abies was aggregated at
very fine scales (0–6 m; Fig. 4), while beetle mor-
tality for Pinus was aggregated to slightly larger
scales (0–10 m). Mechanical mortality (i.e., crush-
ing) was aggregated at the greatest scales for
small- and medium-diameter Abies (0–12 m and
0–21 m, respectively; Fig. 4). This is consistent
with our a priori conceptualization of these two
mortality agents—both bark beetle and mechani-
cal mortality are aggregated at very fine scales
(<0.1 ha), but we expected mechanical mortality
to remain aggregated at slightly larger scales due
to the large height (up to 55 m) and potential
propagation of large falling trees (Fig. 1A).
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We did not detect a spatial structure associated
with pathogen-related mortality, perhaps
because the slow rate of pathogen spread may
necessitate a longer time span for their spatial
structure to be detected (Waring et al. 1987,
Lung-Escarmant and Guyon 2004). Additionally,
our analysis of pre-fire pathogen mortality was
limited to small-diameter Abies (due to sample
size constrains) and competition was a more
important driver of mortality for small stems.

Although previous studies have quantified the
spatial structure associated with these mortality
agents independently (Safranyik and Carroll
2006, Das et al. 2008, Larson and Franklin 2010,
Bače et al. 2015, Fig. 1A), this study is the first
that we are aware of that has quantitatively com-
pared the spatially contagious nature of endemic
bark beetle mortality, pathogens, and mechani-
cal-related tree mortality within the same study
site.

Direct fire mortality
Immediate fire mortality was aggregated for

small- to medium-diameter stems from 0 to 30
and 0 to 22 m, respectively (Fig. 3). This was
likely driven primarily by heterogeneity in fuel
loadings (Cansler et al. 2019) and topography
(Fig. 2) that altered fire behavior and resulted
in patches of high and low crown scorch across
the YFDP (Fig. 2). Crown scorch was the stron-
gest predictor of immediate mortality (Furniss
et al. 2019), causing the spatial structure of
immediate mortality to closely reflect the
heterogeneity in fire intensity and flame length
(Figs. 2g, 6). The spatial structure of immediate
mortality was clustered at the greatest inter-tree
distance of any form of mortality that we
assessed (30 m; Fig. 3), distinguishing direct fire
morality as a key driver of structural hetero-
geneity and spatial pattern at slightly broader
spatial scales (0.1–1 ha) compared to back-
ground mortality (Fig. 1).

Local neighborhood structure was directly
related to probability of immediate mortality,
presumably because higher stem density was
associated with increased fuel loadings (Cansler
et al. 2019) that elevated fire intensity (Miller and
Urban 1999b, Thaxton and Platt 2006) and
induced greater damage to trees. Surprisingly,
forest structure was also related to probability of
direct fire mortality when we included crown

scorch as a predictor variable to control for vari-
ability in fire intensity (Table 2), suggesting that
forest spatial structure also influenced probabil-
ity of direct mortality by reducing tolerance of
individual trees to direct fire damage (perhaps
by modifying local water availability and com-
petitive stress; van Mantgem et al. 2018).
Local neighborhood structure was not of equal

importance for all trees; landscape position was
more important for immediate morality of small-
to medium-diameter Calocedrus, and the presence
of a previous fire scar the most important factor
for immediate mortality of medium- to large-di-
ameter Pinus. The importance of fire scars for
Pinus mortality reflects their tolerance to direct
fire damage due to thick bark and high crown
base heights, making them less exposed to heat-
induced injury (Hood et al. 2018), yet uniquely
susceptible to physical failure at scars incurred
from past fire events (Kolb et al. 2007, Furniss
et al. 2019).
Our findings reveal an important disparity

between the scales at which fire operates and the
scales at which fire effects are most often moni-
tored. Fire creates ecological mosaics at interme-
diate and broad scales (>1 ha; Turner et al. 1997,
Hessburg et al. 2005, Yocom-Kent et al. 2015,
Meddens et al. 2018a), but fine-scale (0.1–1 ha)
heterogeneity in fire effects performs distinct,
and similarly important, ecological functions
(Meddens et al. 2018b). Low-, moderate-, and
mixed-severity fire introduces spatial pattern
complexity (Larson and Churchill 2012, Church-
ill et al. 2013, Kane et al. 2013, 2014), mitigates
susceptibility to drought, competition, and bee-
tle-related mortality (Kolb et al. 2007, Hood et al.
2015, 2016, van Mantgem et al. 2016), and confers
resilience to future disturbances and climatic
variability (Allen et al. 2002, Hessburg et al. 2015,
Cansler et al. 2018, Stephens et al. 2018, North
et al. 2019). Fine-scale heterogeneity in fire effects
is an essential component of these ecological
functions, yet a vast amount of fire science is
based on remotely sensed severity products that
are limited to the relatively coarse spatial resolu-
tion of hyperspectral satellite sensors (e.g., 30-m
pixel size for the Landsat series). Our results
demonstrate that traditional satellite-derived
data products may not be sufficient to fully cap-
ture the fine-scale complexity in fire effects that
are central to the ecological function of low,
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moderate-, and mixed-severity fire (Furniss et al.
2020).

Post-fire mortality
The combination of fire, drought, and back-

ground mortality processes enhanced the impor-
tance of local stand structure as a mediator of
mortality risk and provoked a strong spatial
structure among medium- and large-diameter
tree mortalities (Fig. 10). The post-disturbance
mortality regime was not simply an extension of
direct fire effects, nor was it a return to the pat-
tern in pre-fire mortality (Figs. 3, 6). It was
instead a novel regime that emerged from both
additive and interactive effects of fire damage,
drought, and background mortality agents. Sec-
ond-order ecological interactions (e.g., bark bee-
tles, mechanical failure, competition) were

important determinants of post-fire mortality
(Table 1, Fig. 10), and the contagious nature of
these mortality agents became evident at greater
distances than pre-fire (Fig. 5). Local neighbor-
hood structure assumed a central role in mediat-
ing overall mortality risk for all trees, and
mortality risk of medium- and large-diameter
trees became density-dependent (Figs. 7–9).
We speculate a few reasons for the amplified

spatial structuring of post-fire mortality. First,
contagious mortality processes may have been
facilitated by the rapid pulse of fire-weakened
trees, causing the pre-fire distribution of biotic
mortality agents (bark beetles and pathogens) to
become revealed. In other words, the fire may
not have changed the spatial structure associated
with these contagious agents, and it may have
simply made their spatial structure more

Fig. 10. Empirically informed conceptual model describing the development of spatially structured mortality
processes before, during, and after compound disturbance (fire and drought). Polygons represent different mor-
tality agents (colors match with Fig. 1). Position along the y-axis represents the tree diameters (cm DBH) for
which each mortality process was spatially structured. The strength of each process (as detected in this study) is
approximately related to polygon size. Superscripts indicate the form of spatial structuring (distance and/or den-
sity dependence) that was most evident for each process. Competition among post-fire recruitment was not ana-
lyzed in this study, but is shown in its hypothesized position.
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evident. Alternatively, the post-fire proliferation
of bark beetles and pathogens may have
enhanced their ability to successfully attack most
trees, enabling these mortality agents to kill trees
that would have otherwise been resistant. This
may have reduced the relative importance of
individual tree characteristics (size, vigor, and
defenses) and enhanced the importance of prox-
imity to an infected host tree (i.e., distance
dependence). In this case, the contagious nature
of these mortality processes may have induced a
pattern of aggregated mortality that would not
have emerged in the absence of fire, even given
enough time.

The elevated intensity of negative density
dependence (Figs. 7–9) following fire may have
also contributed to the increased scale of aggre-
gation among contagious mortality agents.
Despite the increased resource availability that
would be expected due to direct fire mortality,
surviving trees may not have been able to imme-
diately utilize the newly available light, water,
and soil resources. It can take years for trees to
recover from direct fire damage (van Mantgem
et al. 2011, Hood et al. 2018), and during this
recuperative period, trees may have been partic-
ularly sensitive to density-dependent stress that
could have increased susceptibility to drought,
competition, and insect-related mortality (Kolb
et al. 2007, Das et al. 2008, Yu et al. 2009, Ander-
egg et al. 2015, Clyatt et al. 2016, van Mantgem
et al. 2016).

Fire also altered the diameter classes in which
spatially structured mortality was most evident
(Fig. 10). While pre- and direct fire mortality of
small-diameter stems was aggregated, post-fire
mortality of these trees became spatially random
(Fig. 3). Conversely, the post-fire mortality
regime induced a strong spatial structure among
large-diameter mortalities that was not evident
based on pre-fire or direct fire damage alone
(Figs. 3, 6).

Distance-dependent post-fire mortality.—Bark
beetles have long been a primary agent of large-
diameter pine mortality in the Sierra Nevada
(Das et al. 2016), and recent fire and drought
events have stimulated a widespread increase in
beetle-related mortality (van Mantgem et al.
2009, Stephenson et al. 2019). We observed an
increase in both the rate and spatial scale of bee-
tle-related mortality for medium- and large-

diameter Abies and Pinus post-fire (Table 1,
Figs. 4, 5). The strong aggregation of large-diam-
eter Pinus mortality (Fig. 5) is consistent with our
expectations based on prior knowledge on beetle
life history strategies and dispersal behavior
(Furniss and Carolin 1977, Raffa et al. 2008), and
this study offers a novel piece of quantitative evi-
dence regarding the spatial extent of aggregation
during a period of virulent beetle activity.
Beetle populations never reached epidemic

levels at the YFDP, although they reached an
intermediate point along the transition from
endemic to epidemic beetle outbreaks known as
the incipient-epidemic state. This is characterized
by a transition of beetle host selection from weak
trees to larger, vigorous, and more well-defended
trees (Fig. 10; Safranyik and Carroll 2006, de la
Mata et al. 2017, Stephenson et al. 2019), and it
often spawns epidemic population levels that
result in the decimation (>90% mortality) of the
host species across broad landscapes (Safranyik
and Carroll 2006, Raffa et al. 2008). Despite the
increasing frequency of bark beetle epidemics in
recent decades (Hicke et al. 2013), the factors
governing the transition from endemic to epi-
demic population levels remain elusive, and bee-
tle epidemics are notoriously difficult to predict
(Peters et al. 2004, Raffa et al. 2008).
This study provides a relatively rare example

(see Stephenson et al. 2019 for another) of a bee-
tle outbreak that reached incipient-epidemic
levels and then subsided back to endemic levels
without first erupting into an epidemic. Total
post-fire mortality of beetle-killed large-diameter
Pinus was 36% (Table 1), but mortality returned
to pre-fire rates as of 2019 (<1% per yr; data not
shown). Two key factors likely contributed to the
resistance of this forest to high-severity (>90%
mortality) beetle outbreak: the high degree of
structural and compositional heterogeneity due
to centuries of low- to moderate-severity fire,
and the wet winter of 2016–2017 that provided
sudden relief from the extreme 2012–2015
drought (NOAA National Climate Data Center,
https://www.ncdc.noaa.gov).
Despite the abundance of anecdotal knowl-

edge that bark beetles attack and kill trees in
clumps (Safranyik and Carroll 2006, Fettig et al.
2007, Graham et al. 2016, Fig. 1), few studies
have explicitly quantified the fine-scale (<1 ha)
spatial patterns associated with bark beetle
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activity (due to both the contagious nature of
beetle dispersal and density-dependent processes
such as tree investment in defenses and beetle
neighborhood selection). Most of the quantitative
research regarding the spatial structure of bark
beetle outbreaks has been conducted at interme-
diate to large spatial scales (1–10,000 ha, Fig. 1A;
but see Bače et al. 2015 for a retrospective study
at fine scales). We found that post-fire bark beetle
mortality was aggregated at very fine scales
(0–18 m) for large-diameter Pinus, and at slightly
finer scales for medium-diameter Abies and Pinus
(0–8 m and 0–12 m, respectively; Fig. 5). These
different scales of aggregation may reflect differ-
ences in dispersal and aggregation strategy
between the host-specific beetle species (primar-
ily Scolytus ventralis LeConte for Abies; Dendroc-
tonus ponderosae Hopkins and
Dendroctonus valens LeConte for Pinus), as well
as differences in the spatial pattern and neigh-
borhood characteristics around medium- vs.
large-diameter stems (Figs. 2, 3; see also Lutz
et al. 2012).

Post-fire mechanical mortality of medium-di-
ameter Abies (Fig. 5) was aggregated, a pattern
that may have been driven by patches of wind-
throw in areas exposed to stronger winds (or less
stable soil), as well as the crushing of small stems
by individual large trees falling. There was a
high rate of co-occurrence between saprophytic
fungus and mechanical failure (56% of all Abies
mechanical mortalities were mediated by wood
decay in fire-killed portions of the stem), so the
spatial pattern of mechanical mortality may have
also been related to the distribution of sapro-
phytic fungi (Fig. 10). These results are consistent
with previous studies that have identified physi-
cal damage as an important mechanism of spa-
tially non-random mortality in unburned, old-
growth forests (Das et al. 2008, 2016, Larson and
Franklin 2010), and it reveals mechanical mortal-
ity as a driver of spatially non-random mortality
in post-fire forests as well.

In contrast to the spatial structure of pre-fire
pathogen mortality, pathogen-related Abies mor-
tality was slightly aggregated post-fire (Fig. 5).
The elevated mortality rates post-fire (Table 1)
may have facilitated the detection of non-random
pathogen mortality that was present but unde-
tectable pre-fire, or the fire may have weakened
trees and facilitated pathogen-related mortality

among trees that would have tolerated pathogen
infestation if the fire had not occurred.
Density-dependent post-fire mortality.—Fire

increased the strength of density dependence,
particularly for medium- and large-diameter
conifers (Figs. 7–9, Table 2; Appendix S1:
Table S4). As the post-fire mortality models con-
trolled for CVS and DBH, this result does not
simply reflect the first-order effects of forest
structure on fire intensity (Fig. 2). Rather,
delayed mortality was more likely mediated by
density-dependent processes such as competi-
tion, drought stress, and susceptibility to biotic
mortality agents (Fig. 10). While we cannot dis-
entangle the relative influence of each mecha-
nism, the frequency with which BAwas the most
important local neighborhood variable (Table 2)
suggests that asymmetric competition from med-
ium- and large-diameter trees was an important
factor governing density-dependent mortality
pressure post-fire (sensu Lutz et al. 2014, van
Mantgem et al. 2018).
For Abies, the importance of non-species-speci-

fic neighborhood metrics (i.e., density and BA of
all species combined, Table 1) suggests that den-
sity-dependent mortality pressure was conferred
by intense competition from both conspecific and
heterospecific neighbors. There was a strong pos-
itive relationship between large neighbors and
mortality risk for Abies of all sizes (Fig. 7;
Appendix S1: Table S4). Surprisingly, we also
observed a negative relationship (i.e., positive
density dependence–mortality risk decreases
with increasing density) between density of sur-
viving stems and mortality risk for medium-di-
ameter Abies (Fig. 7). This positive density
dependence may have emerged because survival
of immediate fire effects was highest in mesic
areas where fire intensity was lowest (Fig. 2),
and these sites may have buffered the medium-
diameter Abies from competition and drought
stress post-fire.
For medium- and large-diameter Pinus, con-

versely, neighborhood composition was an
important component of post-fire density depen-
dence. The strongest predictor variable for these
stems was a conspecific BA (Table 2;
Appendix S1: Table S4), a result that reflects the
importance of host-specific bark beetles as a pri-
mary determinant of post-fire mortality (though
see Das et al. 2008 for a similar result from
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unburned forests). Conspecific density may have
elevated mortality risk by reducing trees’ capac-
ity to invest in resin defenses due to elevated
competitive stress associated with strong
intraspecific competition (Kolb et al. 1998, Hood
and Sala 2015, de la Mata et al. 2017), and this
may have increased susceptibility to bark beetles.
Optimal host selection provides an additional
explanation for this pattern of strong CNDD (i.e.,
mortality risk increases with more conspecifics):
Beetle populations proliferated 2–3 yr post-fire
(when drought intensity peaked), and this may
have enabled beetles to selectively attack larger
and more vigorous host trees (Fig. 10; Boone
et al. 2011, Stephenson et al. 2019). As conspecific
BA is tightly correlated with the abundance of
large Pinus, neighborhoods with high conspecific
BA would have been preferentially selected by
dispersing beetles (Safranyik and Carroll 2006,
Barbosa et al. 2009) and this would increase post-
fire mortality risk. These results demonstrate that
fire and drought may not only make the effects
of local neighborhood on bark beetle risk more
pronounced, they may reverse the directionality
of density dependence and thus fundamentally
alter the consequence of mortality on forest spa-
tial pattern (Fig. 8).

Implications for fire mortality models
Existing fire mortality models (e.g., FOFEM)

predict mortality with a high degree of accuracy
(Woolley et al. 2012, Grayson et al. 2017, Hood
and Lutes 2017), but performance is inconsistent
for large-diameter trees (Hood et al. 2007, Kane
et al. 2017a, Furniss et al. 2019). These models
perform best when direct fire damage is the pri-
mary driver of mortality (i.e., trees with high per-
cent crown scorch), but large-diameter trees are
rarely killed by fire damage alone. Our findings
concur with the widespread understanding that
large-diameter trees are instead more susceptible
to the physical and biotic mortality agents (i.e.,
drought and bark beetles) that mediate delayed
mortality post-fire (Hood et al. 2018), but these
background mortality processes are not repre-
sented by the independent variables (i.e., crown
scorch and DBH) used in most post-fire mortality
models (Woolley et al. 2012, Grayson et al. 2017,
Hood and Lutes 2017). Spatially structured
delayed mortality processes thus contribute to
spatially autocorrelated error that manifests as

patches of over- or under-predicted mortality
within a stand (Furniss et al. 2019). The relative
infrequency of large-diameter trees (e.g., ~1% of
individuals; Lutz et al. 2018) allows total model
accuracy to remain high, despite systematic error
that emerges when predictions are aggregated at
the stand level (Furniss et al. 2019).
Both types of error may be reduced by incor-

porating stand structure variables into mortality
models to capture the density-dependent pro-
cesses that regulate delayed mortality (Figs. 7–9,
Table 2; Appendix S1: Table S4). The inclusion of
structural variables would particularly enhance
the capacity of fire mortality models to predict
post-fire spatial pattern: The resulting mortality
predictions would not only reflect the variability
in first-order fire intensity, they would also cap-
ture spatial heterogeneity in mortality risk due to
forest composition, structure, and spatial pattern.
This would also enhance the utility of mortality
models for estimating the effects of fire on carbon
stocks, as large-diameter trees contribute dispro-
portionately to forest biomass (Lutz et al. 2018),
and accurately modeling their demography will
reduce the uncertainty associated with land-
scape-scale carbon estimates (Lutz et al. 2017b,
Stenzel et al. 2019).

CONCLUSIONS

This study is the first quantitative comparison
of fine-scale patterns associated with background
mortality processes both before and after acute
disturbance. Our analysis of pre-fire mortality
was consistent with the existing paradigm that
density-dependent mortality within late-succes-
sional forests is most prominent among the
smallest trees, while mortality of larger and older
trees is less density-dependent. This lack of
strong negative density dependence among large
trees, however, should not be conflated with spa-
tially random mortality; contagious mortality
processes may provoke distance-dependent mor-
tality (Clyatt et al. 2016), and local neighborhood
can still moderate mortality risk (Das et al. 2008).
Additionally, disturbance provoked strong den-
sity dependence among large-diameter trees
(Fig. 10), further contradicting the widespread
expectation that large tree mortality in old-
growth forests is spatially random (Franklin
et al. 2002, Aakala et al. 2012, Lintz et al. 2016).
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The mortality regime that emerged post-fire
was distinct from either background mortality or
direct fire effects (Fig. 10). Distance- and density-
dependent background mortality processes inter-
acted with fire damage to introduce heterogene-
ity at finer scales compared fire alone, providing
a key insight regarding the formation of the com-
plex, multi-scale spatial structure characteristic
of frequent-fire forests (Hessburg et al. 1999, van
Wagtendonk and Fites-Kaufman 2006). Although
the post-fire mortality regime may have been
brief relative to the life span of mature trees, the
synergistic effects of fire, drought, and back-
ground mortality processes will have enduring
effects on the spatial pattern of large-diameter
trees, and thus the forest as a whole. These find-
ings provide a more mechanistic understanding
of temperate forest spatial pattern dynamics, and
they contribute to theoretical models describing
disturbances and the maintenance of ecological
heterogeneity (Paine and Levin 1981, Larson and
Churchill 2012). The foundational importance of
fine-scale heterogeneity (Hessburg et al. 2015,
Kelly and Brotons 2017) and the ecological signif-
icance of large-diameter trees (Larson et al. 2013,
Lutz et al. 2018) render background mortality
processes, and the post-disturbance mortality
regime that they moderate, acutely consequential
to the structure, function, and spatial pattern of
forests.
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Supplemental figures 

FIG S1. Stem maps of pre-fire, direct fire, and post-fire surviving stems (grey dots) and 
mortalities (red dots) within the Yosemite Forest Dynamics Plot. Maps correspond to the spatial 
pattern analysis presented in Fig. 6.  
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FIG. S2. Relationships between forest spatial structure and Quercus kelloggii mortality. 
Columns represent timing of mortality and rows represent tree diameter classes. Lines show the 
relationship between forest spatial structure and probability of mortality determined with 
generalized linear models. Points indicate observed proportion of mortality, and point size 
reflects relative number of stems in each group. The x-axis for each panel shows the single best 
structural variable for that mortality regime and size class; all variables may be found in Tables 
S2-S4. dAIC indicates the improvement in model accuracy compared to AIC of the non-spatial 
base model. Basal area (BA) is reported in m2 ha-1, stem categories are in stems ha-1. 
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Supplemental tables
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Table S1. Possible mechanisms of fire-related mortality. “Timing” indicates whether the mechanism of mortality is thought to be prevalent within 1 year of a 
fire (fire-related) or is a background mortality process that may be interact with fire to mediate post-fire mortality. “Susceptible stems” indicates the structural 
classes that are most susceptible to this form of mortality following low- to moderate-severity (i.e., non-crowning) fire; stems of other sizes may also be 
susceptible, just to a lesser degree. Relevant citations include studies that relate to each category of fire-related mortality; for a more extensive review of fire as 
a direct and indirect agent of tree mortality, see the recent review by Hood et al. (2018). Full citations are in Appendix C. For delayed mortality, we include 
relevant studies of tree mortality in the absence of fire as these ecological processes are also relevant in post-fire forests. The “Spatial metrics” columns 
represent the categories of local neighborhood variables which we hypothesize to be related to each mechanism of mortality, the associated variables that were 
calculated to reflect potential mortality mechanisms, and the codes representing each variable (codes relate to the results in Table S2). We calculated each 
structural variable for each tree within circular local neighborhoods with radii of 5, 10, 15, 20, and 30 m. In codes, “small” indicates stems 1 – 10 cm DBH, 
“med” indicates stems 10 – 60 cm DBH, “big” indicates stems ≥60 cm DBH, and “pole” indicates stems ≥10 cm DBH.  

 
Spatial metrics 

Timing 
Mechanism 
of mortality 

Susceptible 
stems Relevant citations Category Associated variables Codes 

Fi
re

-r
el

at
ed

 

Direct; fire 
damage 

Small and 
medium stems 

Ryan and Amman 1994, Sieg et 
al. 2006, Hood and Lutes 2017  

Fuel loads, distribution, 
and fire-weather. 

Density and basal area of local 
neighborhood. Nearest neighbor. 
Landscape position. 

Den.small.neighbors; Den.med.neighbors; 
Den.big.neighbors; Den.neighbors; 

Indirect; 
reduced 
resistance to 
fire damage 

Small and 
medium stems 

van Mantgem et al. 2013, Furniss 
et al. 2019 Competition. Drought. 

Density and basal area of local 
neighborhood. Competition indices. 
Nearest neighbor. Landscape position. 

BA; BA.conspecifics;  Den.small.neighbors; 
Den.med.neighbors; Den.big.neighbors; 
Den.neighbors; HEGYI; INFLUENCE; 
Nearest.neighbor; LAND_POS; 

Indirect; fire-
related 
mechanical 
failure 

Large stems 
(60+) This study Fire-scar (non-spatial) Presence of fire scar (binary) FIRE_SCAR; 

B
ac

kg
ro

un
d 

m
or

ta
lit

y 

Bark-beetles 
Medium and 
large stems (i.e., 
“pole-sized”) 

Ryan and Amman 1996, Hood 
and Bentz 2007, Hood et al. 
2015, Kolb et al. 2007, 
Youngblood et al. 2009 

Structure metrics for 
pole-sized conspecifics. 
Previous year beetle 
activity. 

Density and basal area of surviving 
pole-sized and large conspecifics. 
Density of previous year beetle 
mortality 

BA.surv.conspecifics; BA.surv.pole.con; BA.surv; 
Den.surv.conspecifics; Den.surv.pole.con; 
BA.prev.yr.beetle.mort; Den.prev.yr.beetle.mort;  

Pathogens All Parker et al. 2006, Das et al. 
2016 

Competition between 
surviving trees. Previous 
year pathogen activity. 

Density and basal area of surviving 
trees. Competition indices for 
surviving trees. Density of previous 
year pathogen mortality 

BA.surv; Den.surv.small.neighbors; 
Den.surv.med.neighbors; Den.surv.big.neighbors; 
Den.surv.neighbors;HEGYI.surv; 
Nearest.neighbor.surv; BA.prev.yr.fungal.mort; 
Den.prev.yr.fungal.mort;  

Mechanical Medium and
large stems Das et al. 2016 

Previous year pathogen 
activity. Fire-scar (non-
spatial) 

Density of previous year pathogen 
mortality. Presence of fire scar. 

BA.prev.yr.fungal.mort; Den.prev.yr.fungal.mort; 
FIRE_SCAR;  

Resource 
competition 

Small and 
medium stems 

Das et al. 2008, Das et al. 2011, 
van Mantgem et al. 2018 

Competition between 
surviving trees 

Density and basal area of surviving 
trees. Competition indices for 
surviving trees. Nearest surviving 
neighbor. 

BA.surv; Den.surv.small.neighbors; 
Den.surv.med.neighbors; Den.surv.big.neighbors; 
Den.surv.neighbors;HEGYI.surv; 
Nearest.neighbor.surv; 

Drought All 

van Mantgem and Stephenson 
2007, van Mantgem et al. 2013, 
Furniss et al. 2019, van Mantgem 
et al. 2018, Stephens et al. 2018 

Landscape position Landscape position. LAND_POS; 
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 Table S2. Spatially-explicit forest structural attributes that were correlated with pre-fire mortality at α = 0.05. 
Significant correlations were identified by pairing each variable with a non-spatial, species-specific “base” model 
based on DBH. The following structural variables were significant at α = 0.05 and improved AIC of the base model by 
>7 (delta AIC, “dAIC”, is reported for each structural variable). Grey text is used for the single best structural variable 
for mortality models that were not significantly enhanced by structural variables (|dAIC| < 7). Structural variables were 
summarized for each focal tree considering local neighborhood within 5, 10, 15, 20, and 30 m radii (all significant 
distances reported for each variable). Descriptions of the codes may be found in Table S1. 

 

   Size  Pre-fire 

A
bi

es
 c

on
co

lo
r  1-10  

BA.30,20m;(-);dAIC=-53.4;                
BA.conspecifics.15,20,30,10,05m;(+);dAIC=-53.4;            
BA.pole.con.15,20,30,10,05m;(+);dAIC=-51.3;              
Den.big.neighbors.30,20,10,15,05m;(-);dAIC=-36.6;                                                     

 

Den.med.neighbors.05,10,15,20,30m;(+);dAIC=-69.3;    
Den.neighbors.30,20,15m;(-);dAIC=-14.6; 
Den.pole.con.10,05,15,20,30m;(+);dAIC=-92.7; 
Den.small.neighbors.30,20,15,10,05m;(-);dAIC=-43.2 

 10-60  
BA.30,20,10,15m;(-);dAIC=-33;                                     
Den.big.neighbors.10,30m;(-);dAIC=-14.1;                         
Den.neighbors.05,10m;(-);dAIC=-17.1;                     

 
Den.small.neighbors.05,10,15m;(-);dAIC=-20;                                              
HEGYI (-);dAIC=-16; INFLUENCE (-);dAIC=-12.8;                         
Nearest.neighbor (+);dAIC=-9.7 

 ≥60  Den.med.neighbors.10m;(-);dAIC=-5.4   

C
al

oc
ed

ru
s 

de
cu

rr
en

s 

 1-10  Den.neighbors.20m;(-);dAIC=-5.6   

 10-60  Den.neighbors.30m;(-);dAIC=-3   

 ≥60  Den.med.neighbors.30m;(+);dAIC=-1.9   

Pi
nu

s 
la

m
be

rt
ia

na
 

 1-10  HEGYI (+);dAIC=-3.9   

 10-60  Den.pole.con.20,15,30,10m;(-);dAIC=-9.8   

 ≥60  BA.pole.con.10m;(-);dAIC=-6.2   

Q
ue

rc
us

 k
el

lo
gg

ii 

 1-10  Nearest.neighbor (+);dAIC=-4.6   

 ≥10  

BA.30m;(+);dAIC=-15.1;                                  
BA.conspecifics.05,10,15,20,30m;(-);dAIC=-15.1;               
BA.pole.con.05,10,15,20m;(-);dAIC=-12.1;                

 Den.big.neighbors.30m;(+);dAIC=-8.3;                   
Den.pole.con.10,20,15,05,30m;(-);dAIC=-22.9 
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Table S3. Spatially-explicit forest structural attributes that were correlated with direct and indirect immediate fire 
mortality at α = 0.05. Significant correlations were identified by pairing each variable with non-spatial “base” models: 
“Direct fire” was based only on tree diameter (DBH), while “Indirect fire” was based on both DBH and crown volume 
scorched (CVS). The following structural variables were significant at α = 0.05 and improved AIC of the base model 
by >7 (delta AIC, “dAIC”, is reported for each structural variable). Structural variables were summarized for each 
focal tree considering local neighborhood within 5, 10, 15, 20, and 30 m radii (all significant distances reported for 
each variable). Descriptions of the codes may be found in Table S1. 

Size Direct fire Indirect fire 

A
bi

es
 c

on
co

lo
r 

1-10

BA.05,10,15m;(+);dAIC=-125.4          
BA.conspecifics.5,15,30,10,20m;(+);dAIC=-125.4         
BA.pole.con.5,15,10,20,30m;(+);dAIC=-122.8          
Den.big.neighbors.05,10m;(+);dAIC=-45.1          
Den.big.neighbors.30,20m;(-);dAIC=-45.1                                                    
Den.med.neighbors.5,10,15,20,30m;(+);dAIC=-127.3    
Den.neighbors.20m (+);dAIC=-14.4       

Den.neighbors.30m (+);dAIC=-14.4       
Den.pole.con.30,20,05,15,10m;(+);dAIC=-177.4  
Den.small.neighbors.05,10m;(-);dAIC=-12.9        
HEGYI (+);dAIC=-21.7       
INFLUENCE (+);dAIC=-15.1       
LAND_POS (+);dAIC=-72.3 

Den.pole.con.05m;(+);dAIC=-4.4 

10-60

BA.20,15,30m;(-);dAIC=-99.6          
BA.conspecifics.30,20,10,15,05m;(+);dAIC=-99.6    
BA.pole.con.30,20,10,15,05m;(+);dAIC=-96.5          
Den.big.neighbors.15,20,30,10m;(-);dAIC=-53.8       
Den.med.neighbors.30,20,15m;(+);dAIC=-23.6         
Den.neighbors.05m (-);dAIC=-7.8       

Den.pole.con.30,20,15,10,05m;(+);dAIC=-31.5  
Den.small.neighbors.05,10,15m;(-);dAIC=-16.8 
HEGYI (+);dAIC=-36       
INFLUENCE (+);dAIC=-27.1       
LAND_POS (+);dAIC=-35.3       
Nearest.neighbor (+);dAIC=-7.7 

Den.small.neighbors.10m;(-);dAIC=-3.1 

≥60 Den.pole.con.30m;(+);dAIC=-6.3 –– 

C
al

oc
ed

ru
s 

de
cu

rr
en

s 

1-10

BA.conspecifics.30,20,15m;(-);dAIC=-23.4       
BA.pole.con.30,20,15m;(-);dAIC=-24.7       
Den.med.neighbors.20,15,30m;(+);dAIC=-10.9 
INFLUENCE (+);dAIC=-9.4       
LAND_POS (+);dAIC=-38.5 

Den.small.neighbors.05m;(-);dAIC=-1.5 

10-60 BA.conspecifics.30,15,20m;(-);dAIC=-12.1
BA.pole.con.30,15,20m;(-);dAIC=-12.5 

BA.05,15m;(+);dAIC=-70.1       
BA.conspecifics.20m;(+);dAIC=-70.1       
BA.pole.con.20m;(-);dAIC=-70.1       
Den.med.neighbors.10m;(-);dAIC=-70.1   
Den.small.neighbors.30m;(-);dAIC=-70.1 
LAND_POS (-);dAIC=-70.1 

≥60  BA.30m;(-);dAIC=-5.8 

Pi
nu

s 
la

m
be

rt
ia

na
 1-10

BA.05,10m;(+);dAIC=-22.1          
BA.conspecifics.05,10,15m;(+);dAIC=-14.1                                                                           
BA.pole.con.05,10,15m;(+);dAIC=-13.1          
Den.big.neighbors.30m;(-);dAIC=-7.5                                                                 

Den.med.neighbors.5,10,15,20,30m;(+);  
dAIC=-22.1       
Den.pole.con.10,15,20,05m;(+);dAIC=-15 
HEGYI (+);dAIC=-8.5       
INFLUENCE (+);dAIC=-7.7 

Den.big.neighbors.30m;(-);dAIC=-8.4  
Den.med.neighbors.20,15,30,10m;(+); 
dAIC=-11.6 

10-60 Den.neighbors.05m (-);dAIC=-9.8
Den.small.neighbors.05,15,10m;(-);dAIC=-9.1 FIRE_SCAR (+);dAIC=-65.1 

≥60 
BA.conspecifics.05m;(+);dAIC=-8.6 
BA.pole.con.05m;(+);dAIC=-8.6       
FIRE_SCAR (+);dAIC=-24 

FIRE_SCAR (+);dAIC=-6.7 

Q
ue

rc
us

 k
el

lo
gg

ii 

1-10
BA.20,15,30,10m;(+);dAIC=-27.1; 
BA.conspecifics.05,10,30m;(-);dAIC=-14.3; 
BA.pole.con.05,10,30m;(-);dAIC=-14.6; 
Den.big.neighbors.20,30m;(+);dAIC=-11.2;  

Den.med.neighbors.15,20,10m;(+);dAIC=-41.4; 
Den.neighbors.10,15,20m (+);dAIC=-35.3; 
Den.pole.con.30m;(-);dAIC=-10.2; 
Den.small.neighbors.15,20m;(+);dAIC=-18 

Den.neighbors.15m (+);dAIC=-8.5    
Den.neighbors.20m (+);dAIC=-8.5    
Den.small.neighbors.15,20,10m;(+); 
dAIC=-10.6 

≥10 

BA.30,20m;(+);dAIC=-28.9       
BA.conspecifics.10,15,30,05,20m;(-);dAIC=-26.6    
BA.pole.con.10,15,30,20,05m;(-);dAIC=-28.9          
Den.med.neighbors.20,15,30m;(+);dAIC=-22          
Den.neighbors.15-30m (+);dAIC=-19.4          
Den.pole.con.10,05,15,30,20m;(-);dAIC=-30.2      

Den.small.neighbors.20m;(+);dAIC=-8.6 
HEGYI (+);dAIC=-41.6       
INFLUENCE (+);dAIC=-8.3         

Den.neighbors.5,10,15,20,30m (+); 
dAIC=-17.8       
Den.pole.con.05m;(-);dAIC=-7.5       
Den.small.neighbors.5,10,15,20,30m;(+); 
dAIC=-19.6       
HEGYI (+);dAIC=-17       
LAND_POS (+);dAIC=-8.7 
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Table S4. Spatially-explicit forest structural attributes that were correlated with post-fire mortality at α = 0.05. 
Significant correlations were identified by pairing each variable with a non-spatial “base” model based on both DBH 
and crown volume scorched (CVS). The following structural variables were significant at α = 0.05 and improved AIC 
of the base model by >7 (delta AIC, “dAIC”, is reported for each structural variable). Structural variables were 
summarized for each focal tree considering local neighborhood within 5, 10, 15, 20, and 30 m radii (all significant 
distances reported for each variable). Descriptions of the codes may be found in Table S1. 

Size Post-fire 

A
bi

es
 c

on
co

lo
r 

1-10

BA.05,10m;(+);dAIC=-48.9          
BA.conspec.05m;(+);dAIC=-19          
BA.mort.pole.con.05m;(+);dAIC=-7.2    
BA.pole.con.05m;(+);dAIC=-17.7          
BA.surv.05,10m;(+);dAIC=-45.8          

BA.surv.conspec.05m;(+);dAIC=-16.8        
BA.surv.pole.con.05m;(+);dAIC=-15.7        
Den.big.neighbors.05m;(+);dAIC=-16.9        
Den.med.neighbors.05,10m;(+);dAIC=-22.8  
Den.pole.con.05,10m;(+);dAIC=-29        

Den.surv.big.neighbors.5m;(+);dAIC=-16       
Den.surv.med.neighbors.5,10,30m;(+);dAIC=-23.7    
Den.surv.pole.con.05,10m;(+);dAIC=-26.4       
Den.surv.small.neighbors.15,20,10m;(-);dAIC=-17.3 

10-60

BA.conspec.5-30m;(+);dAIC=-117.1          
BA.05,10,15,30,20m;(+);dAIC=-117.1          
BA.pole.con.5-30m ;(+);dAIC=-115.4          
BA.surv.pole.con.5-30m ;(+);dAIC=-82.1                    
BA.surv.05,10,15,30,20m;(+);dAIC=-82.1    

Den.big.neighbors.05,10m;(+);dAIC=-26.5       
Den.mort.pole.con.5,10,15m (+);dAIC=-63.2   
Den.mort.pole.con.20,30m (+);dAIC=-63.2      
Den.pole.con.5,15,10,20,30m;(+);dAIC=-62.4  
Den.surv.big.neighbors.05,10m;(+);dAIC=-27  

Den.surv.small.neighbors.5-30m;(-);dAIC=-125.9; 
BA.mort.pole.con.5-30m ;(+);dAIC=-54.4       
BA.surv.conspec.5-30m ;(+);dAIC=-80.3       
Den.med.neighbors.5-30m ;(+);dAIC=-30.4       
Den.small.neighbors.5-30m ;(-);dAIC=-23.7       

≥60 
BA.30,20m;(+);dAIC=-12.4                                                             
BA.conspec.15,10,30m;(+);dAIC=-9.2    
BA.pole.con.15,10m;(+);dAIC=-9.5         
BA.surv.20,30m;(+);dAIC=-8.8          

BA.surv.conspec.15m;(+);dAIC=-8.8   
BA.surv.pole.con.15m;(+);dAIC=-8.8 
HEGYI.surv (+);dAIC=-8.9        

Den.big.neighbors.20,30,15,10m;(+);dAIC=-15.2       
Den.surv.big.neighbors.20,30,15,10m;(+);dAIC=-12.9 

C
al

oc
ed

ru
s 

de
cu

rr
en

s 

1-10
BA.20m;(+);dAIC=-13.9                                                          
BA.conspec.20,15m;(+);dAIC=-13.9     
BA.pole.con.20,15m;(+);dAIC=-13.8    

BA.surv.20,15m;(+);dAIC=-13.6        
BA.surv.conspec.15,20m;(+);dAIC=-13.6   
BA.surv.pole.con.15,20m;(+);dAIC=-13.4  

Den.big.neighbors.20,15m;(+);dAIC=-7.4       
Den.pole.con.20,15m;(+);dAIC=-9.9       
Den.surv.big.neighbors.15,20m;(+);dAIC=-7.2 
Den.surv.pole.con.20,15,10m;(+);dAIC=-13.1 

10-60 BA.conspec.05m;(+);dAIC=-6.7    
BA.pole.con.05m;(+);dAIC=-7     

BA.surv.conspec.05m;(+);dAIC=-7.7  
BA.surv.pole.con.05m;(+);dAIC=-7.8 

≥60  BA.30m;(+);dAIC=-2.8 

Pi
nu

s 
la

m
be

rt
ia

na
 1-10  

BA.surv.conspec.30m;(+);dAIC=-4.8

10-60
BA.05,10,30,20m;(+);dAIC=-37.2        
BA.conspec.5-30m ;(+);dAIC=-37.1     
BA.pole.con.5-30m ;(+);dAIC=-37.2    
BA.surv.05,10,20m;(+);dAIC=-34.5      

Den.surv.big.neighbors.05m;(+);dAIC=-21.5  
Den.neighbors.20,30m;(+);dAIC=-10.3        
Den.big.neighbors.5m;(+);dAIC=-20.4        

BA.surv.conspec.5,10,15,20,30m;(+);dAIC=-34.3  
BA.surv.pole.con.5,10,15,20,30m;(+);dAIC=-34.5 
Den.med.neighbors.30,20,15m;(+);dAIC=-17.3      
Den.pole.con.30,20,10,05,15m;(+);dAIC=-19.4      

≥60 

Hegyi;(+);dAIC=-76.8       
BA.5-30m;(+);dAIC=-64.2          
BA.conspec.5-30m ;(+);dAIC=-63.1          
BA.pole.con.5-30m ;(+);dAIC=-63.3          
BA.surv.5-30m ;(+);dAIC=-64.2          
BA.surv.conspec.5-30m;(+);dAIC=-64.2    

BA.surv.pole.con.5-30m;(+);dAIC=-64.2        
Den.big.neighbors.5-20m;(+);dAIC=-26.6                                                                                                                             
Den.med.neighbors.10-30m;(+);dAIC=-16.7  
Den.neighbors.5-30m (+);dAIC=-65.4        
Den.pole.con.5-30m (+);dAIC=-44.6        

Den.surv.neighbors.5-30m;(+);dAIC=-58.3       
Den.surv.pole.con.5-30m;(+);dAIC=-58.3       
Den.small.neighbors.5,15,10,20,30m;(+);dAIC=-64.1 
Den.surv.big.neighbors.5,15,10,20m;(+);dAIC=-28.5  
Den.surv.med.neighbors.5-30m (+);dAIC=-39.8       
BA.prev.yr.beetle.mort.5-30m (+);dAIC=-64.2       

Q
ue

rc
us

 k
el

lo
gg

ii 

1-10 –– –– –– 

≥10 BA.30,20m;(+);dAIC=-13.7    
BA.surv.30m;(+);dAIC=-12      

Den.med.neighbors.10-20m;(+);dAIC=-10.3   
Den.surv.small.neighbors.20m;(-);dAIC=-8.9 
HEGYI (+);dAIC=-12.6       
HEGYI.surv (+);dAIC=-12.6 
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